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Variation in infection status among bird populations, and its implications for the 
successful co-introduction of parasites in bird translocations 
 
By P J Cochrane 
 
Many United Kingdom (UK) bird species were introduced to New Zealand in the mid-to-late 
1800‟s. These species host chewing-lice parasites (Insecta; Phthiraptera). Some of these 
parasite species failed to establish in New Zealand (NZ) while their host species succeeded. 
Several explanations have been offered for this phenomenon: (1) parasite taxa never left the 
United Kingdom (missed the boat); (2) host taxa left the UK but did not establish in NZ (sank 
with the boat); (3) parasite taxa that did not survive on introduced host taxa that established in 
NZ (lost overboard). To determine whether host source location is an explanation for why 
some parasite species miss the boat, this masters research focuses on UK geographic 
distributions of host (passerine) and parasite (chewing-louse) species. New UK louse data 
were collected from an area where previous sampling is sparse, and combined with other 
recent and historic parasite records. Louse intensity, prevalence and range are reported for lice 
collected as part of this study. A Bayesian multilevel logistic regression model was used to 
analyse whether the probability of the number of parasitised hosts differed between six 
geographic regions, two sampling methods, three sampling periods and louse phylogeny. 
Hosts in northern UK regions were less likely to be infested than in other regions. This study 
highlights the need to account for variations in louse prevalence at host source locations when 
modelling the probability of presence on a given host population. To obtain more precise 
prevalence and intensity parameters, future researchers should focus on sampling a greater 
number of hosts.  
Key words: Phthiraptera, louse, Passeriformes, parasite, Bayesian, species distributions, 
logistic, generalised linear, prevalence, intensity, ecto-parasite, introduce, translocation 
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1 Introduction 
 
 
“Observations provide the logical starting position from which to begin to propose 
explanations or theories”  
(Underwood et al. 2000). 
 
 
Plate 1. A selection of the 325 Menacanthus eurysternus lice found on a single male blackbird (Turdus 
merula), in New Zealand. 
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1.1 Statement of research problem 
Within recent history, species have been redistributed about the globe. In New Zealand (NZ), 
many common British birds were introduced soon after European settlement began (~1860-
1900; Veltman et al. 1996; Duncan 1997; Duncan et al. 2006). Unbeknownst at the time, these 
human colonisers were preparing scientific experiments, on a global scale. Acclimatisation 
societies were responsible for introductions in New Zealand, and kept accurate records of the 
numbers of individuals and dates that they were released. These records allow current 
researchers to examine various aspects of colonising species and biological invasions. 
In the case of British birds introduced to New Zealand, samples of bird populations were 
taken from within their natural distributions and released onto an isolated island group, far 
beyond where they could naturally disperse. Without immigration or emigration from and to 
other populations (as would normally occur in a meta-population; Hanski & Gilpin 1991), 
introduced birds make ideal subjects to study population biology. For example, Veltman et al. 
(1996), Duncan (1997) and Blackburn and Duncan (2001) modelled invasion success of 
introduced passerines, and Duncan et al. (1999) and Blackburn et al. (2001) modelled range 
sizes on life history and habitat for introduced passerines. Recently, MacLeod et al. (2010) 
used data on the lice detected on these introduced birds, in their native and introduced regions, 
to determine probabilities of lice (Phthiraptera) being present on their hosts in New Zealand.  
MacLeod et al. (2010) investigated causal processes and mechanisms underlying the failure of 
associated lice species to establish in New Zealand. They outlined three categories: (1) louse 
taxa that never left the United Kingdom (missed the boat, or missed the bird); (2) bird taxa 
that left the United Kingdom but did not establish in New Zealand (sank with the boat); (3) 
louse taxa that did not survive on introduced bird taxa that established in New Zealand (lost 
overboard). This postgraduate study is mainly interested in lice that missed the boat, or were 
lost overboard. 
A parasite species could miss the boat under two main circumstances. First, by chance the 
host birds collected for release at the second location may not be infested. Parasites follow an 
over-dispersed (aggregated) Poisson distribution on their hosts (see Alexander et al. 2000). 
The number of parasites per bird varies in a way that not all birds will be infested and some 
birds will suffer heavy infestation. Second, hosts may be collected from sub-populations that 
are free from lice. A premise central in MacLeod et al. (2010) was that wherever host species 
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were sourced, louse intensity and prevalence did not differ from overall population 
parameters. However, this might not be true: host-parasite distributions may be patchy and the 
parasite‟s geographical range could be constrained by climatic, geographic, or other factors 
(see Paterson et al. 2003). If hosts were sourced from a sub-population that lacked or had very 
low louse prevalence, then these louse species could have missed the boat. MacLeod et al. 
(2010) tested for this and found that the probability of lice missing the boat did not differ if 
hosts were sourced from either Scotland or England. However, their analyses could have been 
biased by patchy distribution of data across the study area (see Figure 5). 
To determine whether source location was a factor in the presence of lice on birds introduced 
from the UK to NZ, we must have a clear understanding of the distributions of lice on their 
hosts in the UK. To have confidence in the predictions from past research (e.g., MacLeod et 
al. 2010) one must have confidence that the underlying data are sufficient to draw valid 
conclusions. Historic data might be sufficient to accurately model parasite presence, but this 
cannot be known until geographical gaps in these data are filled. This study sets out to achieve 
both. 
1.2 Current knowledge 
1.2.1 Ecology of chewing lice (Phthiraptera) 
Chewing lice are insects that belong in the order Phthiraptera. They are flightless, oviparous, 
obligate parasites that spend their whole life on their host species (Johnson et al. 2004). There 
are four louse suborders within this order (Figure 1): the sucking lice (Anoplura); and the 
feather (or chewing) lice (Rhynchophthirina, Amblycera and Ischnocera). Anoplura have fully 
dispersed around the globe but only parasitise true mammals (Barker 1994). 
Rhynchophthirina consists of a single genus Haematomyzus, which parasitises elephants and 
African wart hogs. Ischnocera and Amblycera (previously grouped as Mallophaga) parasitise 
birds and mammals. This study focuses on the latter two suborders, specifically, lice that 
parasitise birds. 
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Figure 1. Current working hypothesis for phylogeny of Phthiraptera. 
Recent genetic (Johnson et al. 2004; Murrell & Barker 2005; Yoshizawa & Johnson 2010) and 
morphological analyses (Yoshizawa & Johnson 2006) show that Phthiraptera is a polyphyletic 
order, descending from two separate distinct ancestors. For this to be valid, and as these 
authors claim, the parasitism of vertebrates must have arisen twice within Psocodea: once in 
the common ancestor of Amblycera and once in the common ancestor of all other parasitic 
lice (Figure 2). Amblyceran traits might be less dependent on phthirapteran phylogeny than 
traits of closer related families and should be considered when analysing relationships 
between phylogeny and distributions. 
 
Figure 2. This alternate hypothesised phylogeny for Phthiraptera (lice) and Psocodea (book lice) places 
Amblycera within the Psocodea (after Johnson et al. 2004). 
 
  4 
Although the majority of louse species are extremely host specific (Rózsa 1993), there are 
some exceptions. For example, Menacanthus eurysternus has been found on a number of bird 
species (Marshall 1981). Recent unpublished work suggests that M. eurycanthus are highly 
cryptic (Tomkins pers. com.) and continued research might enable redefinition of the genus. 
Chewing lice spend their whole life near the skin and on the feathers (Marshall 1981; Rózsa 
1997) and feed on feathers (Vas et al. 2008) and old skin (Marshall 1981), but not to such a 
degree to render the host incapable of flight. From the egg, which is cemented to a feather, a 
louse‟s lifecycle goes through three nymphal instars (three to four weeks) before a final adult 
form. Although species-specific, on average an adult louse lives about 15-20 days (Marshall 
1981). Lice do not survive for more than a couple of hours when separated from their hosts 
(Tompkins & Clayton 1999) and the survival period differs between louse suborder. After host 
death, ischnoceran lice tend to remain on the host, while amblyceran lice disperse (Keirans 
1975) and the greatest probability is that neither will survive.  
Although lice are known to be vectors for pathogenic microparasites (Hillgarth 1996), it 
should be considered that some parasites may exert a greater cost on their host than others, 
and studies that clump endoparasites and lice together might falsely accuse chewing lice of 
negatively affecting host health. Perhaps the relative increase in fecundity would be much 
greater for a species released from endo-parasitic trematodes than ecto-parasitic lice; an endo-
parasitic trematode that feeds on a bird‟s liver may exert a much greater cost than an ecto-
parasitic louse that feeds on feathers or dead skin.  
1.2.2 Factors that cause variation in louse densities 
1.2.2.1 Feather moult 
Birds usually undertake one or two full moults before they fledge (leave the nest), depending 
on whether they hatched with plumage (precocial), or without (altricial). Once of breeding 
age, a bird usually goes through a complete moult every year, post breeding. The primary 
function of feather moult is to replace worn flight feathers, to aid in efficient flight, and 
thermoregulation (Dawson et al. 2000). However, it has been suggested that a secondary 
function of moulting might be to reduce the density of ecto-parasites on an individual (see 
references in Moyer et al. 2002b). The timing and duration of moult differs between species. 
For example, sedge warblers (Acrocephalus schoenobaenus) moult before and after their 
annual trans-Saharan migration (Redfern & Alker 1996), while congeneric reed warblers (A. 
scirpaceus) conclude their moult while migrating over northern and central Europe (Schaub & 
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Jenni 2000). Feathers are replaced sequentially and follow a pattern, which can differ between 
species. Generally, passerines begin moulting their secondary feathers once primary feather 
moult is well underway (Ginn 1975; Svensson 1992). Lice have evolved strategies to avoid 
being shed with moulted feathers, which include moving to newly growing feathers during 
moult. Marshall (1981) suggests that moulting will affect ischnocerans more than 
amblycerans, because they cannot move as fast. In addition, louse eggs are also jettisoned 
with moulted feathers. 
Kettle (1983) found that philopterids (Ischnocera, Philopteridae) on starlings (Sturnus 
vulgaris) were less abundant during feather moult than other times of the year, while 
menoponid (Amblycera, Menoponidae) densities were not affected. Overall, he suggested that 
louse densities were controlled by host preening, then feather moult followed by climate. 
Moyer et al. (2002b) manipulated moulting in feral pigeons (Columba livia) and infected 
them with two species of feather lice (Columbicola columbae and Campanulotes bidentatus 
compar). They washed dead birds and used the Dri-die method (Kettle 1975) on live birds to 
collect lice and found that if birds were washed to remove lice, and not merely visually 
inspected, moulting feathers had no effect on louse densities. These results highlight the need 
to understand differences between collection methods, when analysing louse distributions. 
1.2.2.2 Louse vagility and host sociality 
Little is known about phthirapteran vagility. Lice on Columbidae (pigeons) have been 
measured to move 4 cm min
-1
 (see Bush 2009), and as above, all chewing lice spend their 
whole life on the feathers, or close to the host‟s skin. Except for brood parasitic birds, the 
main method of louse dispersal between hosts is from parent to sibling within the nest 
(vertical transmission; Rothschild & Clay 1952; Marshall 1981). Brood parasites, such as 
cuckoos, are infected by con-specifics (Brooke & Nakamura 1998). Ecto-parasites also 
disperse between unrelated hosts in colonies and roosts, or while birds collide when flying in 
groups (horizontal transmission: e.g., Tompkins et al. 1996), but this may depend on the 
sociality of host species (Poiani 1992; Stewart et al. 1996; Rózsa 1997; MacLeod et al. 2010). 
Mites that disperse using horizontal transmission have been shown to be more virulent 
(reducing host-health by disease transmission) than vertically transmitted parasites (Bartlett 
1993; Clayton & Tompkins 1994).  
Phoresy is a second means of horizontal transmission, and is the dispersal of lice between 
hosts on hippoboscid flies (Insecta: Hippoboscidae; Keirans 1975; Balakrishnan & Sorenson 
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2007). Ischnoceran lice have been found on many hippoboscid flies in museums specimens. 
Phoresy has been known to occur at such a rate that Bennett (1961 as cited in Keirans 1975) 
stopped recording occurrences in his fieldwork. It has been suggested that, as the majority of 
lice are extremely host specific (Rózsa 1993) and hippoboscids are host generalists, phoresy 
should not benefit lice. However, Keirans (1975) stated that as birds of the same species are 
likely to be found together, a hippoboscid is more likely to travel between hosts of the same 
species than different species. Therefore, lice that disperse on hippoboscid flies are more 
likely to survive if they parasitise social host species, rather than asocial hosts. 
1.2.2.3 Host behaviour 
The “Tasty Chick Hypothesis” states that the nestling with the least chance of survival (last 
hatched) will suffer greater infestations of ecto-parasites than nestlings with a greater chance 
of survival (Christe et al. 1998). As chicks hatch, the older chicks get more resources from the 
parents than younger chicks. The youngest chick, being the runt, will have reduced 
immunocompetence ability and ecto-parasites will move to this chick. Such movement may 
have evolved as an anti-parasite strategy: hosts would benefit if ecto-parasites aggregate more 
on the offspring that are of lowest reproductive value within a brood (Roulin et al. 2003). 
However, in a study that manipulated the intensity of lice on nestling Swifts (Apus apus), 
Tompkins et al. (1996) found that ecto-parasite intensity did not affect reproductive success.  
Increased parasite load (internal and external) affects carotene based pigmentation in the bill 
of blackbirds (Turdus merula) (Biard et al. 2010). Bright orange bill colouration in male 
blackbirds is postulated as an honest marker of that individual‟s health and signals to the 
female that it is a high quality mate. Faivre et al. (2001) found that healthier females bred 
earlier in the season than other females and tended to choose males with brighter (orange) 
bills. In addition, females that nested early in the season had higher reproductive success 
(over the whole season) than those who nested later on. If this is the case, male birds with 
high parasitic loads will have reduced access to female birds (Hamilton & Zuk 1982). It 
follows that females who mate with healthy males will have healthy offspring ("Sexy Sons 
Hypothesis", Weatherhead & Robertson 1979). Therefore, if vertical transmission is the main 
dispersal method for lice between hosts, it is more likely that heavily infested males will have 
reduced access to females.  
Relating parasite load to an introduction event, the parasites on heavily parasitised birds may 
be less likely to survive in the host population because their hosts could be the least likely to 
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contact other host individuals and the lice might sink with the boat (see above). This 
behaviour could be inferred for any host species that employs non-random mate choice 
behaviour, and could be a reason why some parasite species failed to establish in New 
Zealand when their host succeeded. However, lice could still disperse to unrelated con-
specific hosts on contact (horizontal transmission). 
1.2.2.4 Seasonality 
The densities of lice found on hosts differ between seasons. Kettle (1983) found louse 
abundance on starlings to be lowest in the summer months, while Chandra et al. (1990) found 
M. eurysternus densities on common mynas (Acridotheres tristis) to be greatest during 
summer (Figure 3). Although highest louse densities coincided with high mean temperature 
and relative humidity in the Chandra et al. (1990) study, lowest louse density also coincided 
with high humidity. This inconsistency between louse density and humidity seems to be 
caused by an interaction with high temperature. High relative humidity is necessary, but not 
sufficient for increased M. eurysternus densities on common mynas, as it must also be 
relatively hot (Chandra et al. 1990).  
Ambient humidity has been shown to affect the abundance and intensity of parasites on birds. 
Moyer et al. (2002a) found that birds in arid regions had fewer lice than birds in humid 
regions and postulated that feathers do not buffer lice from the effects of ambient humidity. In 
contrast, Carrillo et al. (2007) found a positive effect of ambient humidity on louse abundance 
and intensity in arid environments: lice were abundant in low humidity conditions. Carrillo et 
al. (2007) suggest that the findings of Moyer et al. (2002a) were biased by unnaturally low 
humidity in experimental conditions that limited louse intensity. It seems regulation of louse 
abundance and intensity depends on host and parasite responses to extreme conditions, which 
are species-specific and context-dependent. In general, animals regulate their behaviours to 
keep their physiological environment within normal limits. In cold conditions, a bird will be 
more active than normal to generate heat to keep warm (e.g., Webster & Weathers 1990). In 
addition, lice will move within the micro-climate created in host plumage in response to 
changing abiotic conditions (see Marshall 1981; Tompkins & Clayton 1999). The host will 
work to maintain its metabolic state within the macro-climate and the louse will maintain its 
state within the host‟s micro-climate.  
If hosts were collected in the UK (for release in NZ) during winter, louse intensities would be 
at their lowest and lower the chances for successful introduction, and have a greater chance of 
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missing the boat. As louse eggs are more tolerant to variations in ambient conditions than 
instars and adults, Chandra et al. (1990) suggested that louse eggs should be counted as well 
as lice. So, even if adult lice did not survive the journey to NZ, eggs may have survived. At 
least, those eggs laid while en-route could have hatched once in NZ, and thus founding a new 
population. 
 
Figure 3. The number of Menacanthus eurysternus detected on Acridotheres tristis (common myna) was 
greatest in the summer months May – September (on right y-axis). Mean temperature and mean relative 
humidity were also greater during this period. These data were collected in 1984, presumably in the 
Indian state of Uttar Pradesh and sourced from Chandra et al. (1990) 
1.2.3 Biological Invasions 
Species‟ distributions vary naturally over time, insomuch as every organism has evolved 
strategies to exploit the environment and assist in its dispersal. Biological invasion is a term 
given to the global redistributions of unwanted organisms, usually as a result of human 
endeavours. These invading organisms often flourish to the detriment of native or farmed 
species. The ecological mechanisms that govern invasive species also govern introduced 
species and the difference in classification between the two classes is often a matter of 
opinion.  
The literature on biological invasions is substantial and biased toward invasive plants. 
However, assuming that the mechanisms of plant and animal invasions are similar, it seems 
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that establishment of invasive species is governed by: (1) the number of founder individuals 
(i.e., propagule pressure; Simberloff 1989; Blackburn & Duncan 2001; Lockwood et al. 
2005); (2) relative paucity of enemies at the invading region compared with the natural region 
(i.e., enemy release; Drake 2003; Torchin et al. 2003; Colautti et al. 2004); (3) the ability of 
intact ecosystems to resist invasions better than modified ecosystems (i.e., biotic resistance; 
Lozon & MacIsaac 1997; Blackburn & Duncan 2001; Duncan et al. 2003; D'Antonio & 
Thomsen 2004; Diez et al. 2008); and (4) there being a vacant niche available for the invading 
organism to exploit (Diez et al. 2008; MacLeod et al. 2009). Singularly, or in combination, 
these factors might affect establishment of introduced or invasive species and their parasites 
(Figure 4). 
Parasites might affect the establishment of their host into new regions in several ways: (1) 
hosts that carry a greater than average parasite load tend to be less healthy than hosts with 
fewer parasites (Marshall 1981). Clayton and Tompkins (1995) found that mites reduced 
reproductive success of rock doves (Columba livia) and lice increased energetic costs to the 
same host species (Booth et al. 1993; but see Tompkins et al. 1996). An invading species that 
is released from its parasitic load is congruent with the enemy release hypothesis (above), 
which could facilitate, or at least not hinder, an invasion. Released from parasites, the 
population density of introduced birds might increase rapidly and allow establishment with 
fewer founder individuals; (2) similarly, if both host and parasite species survived 
introduction, the invading species‟ parasites might switch or be transmitted to native hosts: an 
increased parasite load could reduce the competitive ability of the native host species and 
facilitate the introduced host species‟ establishment (Prenter et al. 2004). 
In addition, parasite abundance and species-diversity (on its host) could also play a role in 
biological invasions and may depend on several factors: (1) phylogeny: speciose host taxa are 
likely to host speciose parasite taxa (e.g., host-parasite co-evolution; Paterson & Banks 2001); 
(2) parasite vagility ("Ectoparasites capable of independent transmission [between hosts] are 
extremely virulent" Clayton & Tompkins 1994; Dobson et al. 2008); and (3) host sociality 
(Rózsa et al. 1996; Rekasi 1997). The probability of parasite dispersal between hosts has been 
likened to MacArthur and Wilson‟s (1967) theory of island biogeography (see Dritschilo et al. 
1975; Kuris et al. 1980; Paterson et al. 2003): where host species are equivalent to islands and 
larger or more social hosts (large islands or islands in proximity) have greater parasite species 
–richness and –abundance than smaller less social (distant islands) host species. Rózsa (1997), 
and later Moller and Rózsa (2005) found that, between species, louse species richness 
(Ischnocera) was positively related to host body mass (island size). 
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Vagility is the freedom for an organism to move about within its environment and often refers 
to dispersal distance and frequency of a species or individual (Carr & Fahrig 2001). A highly 
vagile individual will move greater distances and more often than a less vagile individual. 
Vagility includes motility (the capability to move independently) and mobility (the ability to 
move). Of the lice whose host species established in NZ, MacLeod et al. (2010) suggested 
that more vagile parasite species or parasites with more social hosts were less successful in 
establishing in New Zealand. Their analysis attributed successful establishment to large host 
body size, large host founder population size and parasite suborder, irrespective of the number 
of and aggregation (prevalence) of lice and not the distributions of lice on their hosts in the 
source country. 
 
Figure 4. A generalised figure that describes the invasion process (see Duncan et al. 2003; Lockwood et al. 
2007). The level of impact that an invasive species has on its new environment depends on factors that 
affect introduction. The species might fail to establish (no impact), establish and remain local (low impact) 
or establish and spread (level of impact varies). In addition, successful establishment of lice on birds may 
depend on host sociality and louse vagility (Møller et al. 2001; MacLeod et al. 2010). 
New Zealand introduction data are complete; in as much as there are numbers, dates and 
introduction locations for each bird species (Veltman et al. 1996). However, source locations 
for the founder populations of these birds are generally unknown and can only be inferred 
from proximity to sea ports.  
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Infestation data have been published from research focussed on single host species (e.g. Kettle 
1983). However, multi-species research into UK bird-louse interactions seem limited to the 
efforts of Richard Meinertzhagen (ca.~1900) and two recent studies (ca.~2005: MacLeod et 
al. 2010; Allen unpublished). The geographical locations of these lice data are not evenly 
spread throughout the UK and are sparse throughout the north of England (Figure 5) and for 
some species few data exist (Figure 6). Using Meinertzhagen‟s data to briefly summarise both 
infestation rates and differences in prevalence between sampling locations, the mean number 
of Brueelia nebulosa per host (Sturnus vulgaris) varied between locations (Figure 7). 
However, insufficient data exist to estimate differences between species or locations. For 
example, a sufficient sample size of birds was recorded at few locations to estimate 
differences between locations and too few hosts have sufficient intensities of parasites to 
estimate differences between host species (Figure 8). 
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Figure 5. Locations of Richard Meinertzhagen's United Kingdom collection sites. Locations are not exact 
and are given for the nearest urban area to Meinertzhagen’s recorded location. 
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Figure 6. Distributions of R. Meinertzhagen's United Kingdom louse data for species sampled for lice in 
the UK 2010. The mid to north England and mid Scotland have few, if any louse data 
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Figure 7. The mean number of Brueelia nebulosa per host (Sturnus vulgaris) varies between locations, such 
that finding a bird that is infested with a particular parasite species could depend on collection location 
(ordered from south to north UK) and the number of hosts collected (number above positive error bar). 
Error bars represent one standard error of the mean (Appendix One, Fowler et al. 1998); locations that 
lack error bars are for locations of one host individual (numbers of hosts per location are reported above 
error bars). Locations with a mean of zero parasites per host bird are for locations where hosts were 
sampled but lacked louse infestation. Calculated from R. Meinertzhagen data in MacLeod et al. (2010). 
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Figure 8. Many birds are recorded at few locations, whereas one bird is recorded at many locations (left; 
first bar represents locations where only one bird was sampled). The majority of hosts lack lice and few 
hosts have numerous lice (right; data are restricted to fewer than 100 parasites per bird). Calculated from 
R. Meinertzhagen data in MacLeod et al. (2010). 
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1.3 Aims and objectives 
The aim of this masters‟s project was to clarify how the distributions of chewing-lice parasites 
and their avian hosts affect the chance of host and parasite establishment when hosts are 
introduced to new locations. In particular, this study will determine if host source location is a 
factor in the presence of parasites on birds introduced to New Zealand.  
Objectives of this study are to: 
1. Collect lice from live birds within the north-east of England.  
2. Identify lice to genus level. 
3. Summarise louse prevalence, intensity and range of intensity for recent NZ and UK 
collection.  
4. Use a Bayesian framework to analyse UK avian host-parasite data to detect variations 
in louse prevalence across the UK.  
5. Compare louse presence and intensity between collection methods: washing and not 
washing.  
6. Identify possible covariates in the recent dataset, by analysing relationships between 
host –weight –age and –sex and louse intensity. 
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2 General methodology 
 
Plate 2. Three birds in brown paper bags, at Foxglove Covert. 
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2.1 Data organisation 
Existing host-parasite data were provided by Catriona MacLeod of Landcare Research (New 
Zealand). These included 2893 records converted to digital format from Richard 
Meinertzhagen‟s specimen slides and field notebooks (stored at the Natural History Museum, 
London). Host-parasite data were collected at 122 locations across the UK and Ireland (UK 
locations shown in Figure 5) and included 86 parasite species records (33 genera) for 53 host 
species. Each record included descriptive information regarding collection location. For 
grouping data into regions and mapping, approximate values for longitude and latitude were 
found using Google Earth® (2009) and have been appended to all records. In addition to these 
historic data, recent data were included from a published article (Galloway 2005) of lice on 
washed birds in the Canterbury region (NZ) (13 host and eight parasite species).  
A third set of louse data was collected as part of this research, both in (i) NZ (washed (48 
records): seven host with four parasite species; dust ruffled (43 records): six host with one 
louse species; all from Canterbury), and (ii) UK (199 records: nine host with 12 parasite 
species from eight locations). These new UK data are used to fill a gap in the spatial 
distribution of sample locations, and validate models constructed to predict the probability of 
parasite presence at locations where its host is present. New NZ data also support the parasite 
record; however, the primary goal of collecting data in NZ was to perfect field methodology 
prior to collecting lice in the UK. Host species establishment data are summarised in Table 1. 
The data were insufficient to model each host parasite association at each location. Small 
sample sizes make probability distributions too broad to allow generalisations to be made 
about differences between species. Therefore, the locations of parasite collection were 
grouped into five general regions plus NZ: Ireland, Scotland, northern, south-western and 
south-eastern -England (Figure 9). All UK and Ireland data points were mapped in ArcGIS 9.3 
(Environmental Systems Research Institute Inc (ESRI) 2009) and allocated a region using the 
select features tool. The NZ data were manually classified into a sixth region class.  
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Table 1. Summary of host species used in this analysis. Showing the numbers of founder individuals 
released in New Zealand, whether they established and the number of host species processed in three 
studies. Data are from MacLeod et al. (2010), Galloway (2005) and this study. 
Genus Species 
Number 
introduced 
Established 
in NZ 
Meinertzhagen Galloway 
1999 
Cochrane 
2010 
Total 
1835-1961 
Acridotheres tristis 88 Y 0 0 0 0 
Agelaius phoeniceus 2 N 0 0 0 0 
Aix sponsa na N 1 0 0 1 
Alauda arvensis 704 Y 85 0 0 85 
Alectoris barbara 15 N 0 0 0 0 
Alectoris graeca 362 N 0 0 0 0 
Alectoris rufa 19 N 26 0 0 26 
Alopochen aegyptiacus 8 N 0 0 0 0 
Anas acuta 102 N 22 0 0 22 
Anas crecca na N 31 0 0 31 
Anas penelope 32 N 45 0 0 45 
Anas platyrhynchus na N 53 0 0 53 
Anas strepera na N 3 0 0 3 
Anser albifrons na N 9 0 0 9 
Anser anser 7 N 23 0 0 23 
Anthus novaeseelandiae na Y 0 1 0 1 
Athene noctua 221 Y 46 0 0 46 
Aythya ferina 9 N 13 0 0 13 
Branta  bernicla na N 28 0 0 28 
Callipepla californica 1133 Y 0 0 0 0 
Carduelis cannabina 203 N 65 0 0 65 
Carduelis carduelis 615 Y 24 6 11 41 
Carduelis chloris 91 Y 73 2 33 108 
Carduelis flammea 618 Y 11 16 2 29 
Carduelis flavirostris 59 N 0 0 0 0 
Carduelis spinus 54 N 32 0 0 32 
Chrysococcyx lucidus na Y 0 1 0 1 
Columba livia na Y 167 0 0 167 
Corvus frugilegus 102 Y 57 0 0 57 
Corvus monedula 5 N 32 0 0 32 
Cygnus olor 29 Y 20 0 0 20 
Emberiza cirlus 11 Y 0 0 0 0 
Emberiza citrinella 620 Y 79 1 0 80 
Emberiza schoeniclus 11 N 40 0 0 40 
Erithacus rubecula 81 N 144 0 0 144 
Fringilla coelebs 354 Y 272 2 55 329 
Fringilla montifringilla 120 N 0 0 0 0 
Gerygone igata na Y 0 1 0 1 
Hirundo tahitica na Y 0 1 0 1 
Lagopus lagopus 4 N 75 0 0 75 
Lagopus  mutus na N 7 0 0 7 
Lullula arborea 5 N 5 0 0 5 
Meleagris gallopavo na N 2 0 0 2 
Numida  melegris na N 3 0 0 3 
Parus caeruleus na N 78 0 0 78 
Passer domesticus 307 Y 101 13 59 173 
Passer montanus 14 N 0 0 0 0 
Pavo cristatus 2 Y 3 0 0 3 
Perdix perdix 467 N 43 0 0 43 
Phasianus colchicus 244 Y 62 0 0 62 
Pluvalis apricarius na N 49 0 0 49 
Pluvalis  squatarola na N 5 0 0 5 
Prunella modularis 404 Y 102 0 33 135 
Pyrrhula pyrrhula 2 N 39 0 0 39 
Rhipidura fuliginosa na Y 0 1 0 1 
Strix aluco na N 14 0 0 14 
Sturnus vulgaris 701 Y 391 0 6 397 
Sylvia atricapilla 5 N 4 0 0 4 
Sylvia communis 2 N 32 0 0 32 
Tetrao tetrix 13 N 11 0 0 11 
Turdus merula 785 Y 152 34 72 258 
Turdus philomelos 577 Y 102 10 15 127 
Tyto alba 7 N 5 0 0 5 
Vanellus vanellus 124 N 105 0 0 105 
   
Total 
2791  
(1568 used in 
these analyses) 
89 286 3166 
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Figure 9. Regions classified for analyses in the United Kingdom and Ireland. Regions were classified into 
five geographical groupings, using the select by location tool in ArcGIS (Environmental Systems Research 
Institute Inc. (ESRI) 2009), and the sixth region being New Zealand.  
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2.2 Collection of field data 
Lice were collected off live hosts within New Zealand and the United Kingdom. Lice were 
collected of dead (washed) hosts in New Zealand only. 
2.2.1 Live birds 
Ten host species were selected to be processed for lice (see Table 2 and Table 5). The 
selection criteria were that these species were present in the United Kingdom (UK) and in 
New Zealand (NZ), for later comparisons, and easily processed by one person (e.g., the same 
size or smaller than a blackbird). The selected species were also included in recent UK and 
NZ sampling (Allen unpublished; MacLeod unpublished). Hosts were caught using fine mist-
nets, stretched between poles and positioned to intercept targeted species in flight (see Meyers 
& Pardieck 1993). The majority of nets used were between nine and 18 metres long and two 
metres high. In most cases, nets were positioned with the uppermost section of the net no 
higher than four metres above the ground. Existing collection sites and net positions were 
used, so net positioning may not have been optimal for intercepting species selected for this 
study. For example, at Constant Effort Sites (CES) sites, net-placement, -size and collection 
time must remain constant throughout the lifetime of the site. These sites must be visited once 
every ten days over the breeding season (at least ten times per season), so periodically 
weather conditions may make it difficult to catch some species.  
Ecto-parasites were collected from live birds using a modified dust-ruffling technique. To 
ensure that this study is comparable to Allen (unpublished) and Macleod et al. (2010), ecto-
parasite collection followed similar methods. Allen‟s (unpublished) methods were based on 
those of Clayton and Drown (2001) and Walther and Clayton (1997). As birds were caught, 
they were held captive in a cloth drawstring bag (a separate bag per bird). First, hosts were 
fitted with a leg band (containing a stamped unique number), and sex, age, wing length and 
body weight were recorded by trained British Trust for Ornithology (BTO) trained ringers 
(according to Svensson 1992).  
The delousing process included holding the bird above a funnel attached to a 5ml collection 
tube, with pyrethrin based powdered insecticide applied and ruffled into the feathers for three 
minutes (ensuring all feather tracts received and even coating of powder). The bird was then 
placed in a separate paper bag for 15 minutes, to give the insecticide sufficient time to 
euthanize all ecto-parasites (Plate ). After this period, the bird was removed from the bag and 
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its feathers were hand-ruffled over the funnel for a further three minutes. The contents of the 
bag were emptied into the funnel and combined with other lice removed for that individual. 
Ethanol (75%) was used to rinse funnel contents into the collection jar. The collection jar was 
removed from the funnel and sealed. Insecticides differed in both countries (NZ: Vitapet Dog 
Flea Powder®, 10g/kg Permethrin, Vitapet Corporation, Lower Hutt; UK: Johnsons Cat & 
Dog Flea Powder®, Johnson‟s Veterinary Products Ltd).  
Table 2. The numbers of host species processed for lice at each location (2010). Age class in parentheses 
(Juvenile, Adult)* do not include un-aged individuals. 
Carduelis carduelis   Prunella modularis   
Belmont 1 (0,1) Belmont 8 (8,0) 
Ellington Banks 2 (1,1) Ellington Banks 2 (1,1) 
Foxglove Covert 1 (1,0) Foxglove Covert 10 (8,2) 
Low Barnes 2 (0,2) Low Barnes 2 (1,1) 
Rainton Meadows 2 (1,1) Rainton Meadows 4 (4,0) 
Whittle Farm 3 (0,3) Whittle Farm 2 (2,0) 
Total 11  Total 28  
Carduelis chloris   Sturnus vulgaris   
Foxglove Covert 24 (19,5) Belmont 1 (1,0) 
Carduelis flammea   Turdus merula   
Foxglove Covert 2 (1,1) Bellflask Quarry 2 (2,0) 
Fringilla coelebs   Belmont 3 (3,0) 
Belmont 1 (0,1) Derwent Reservoir 1 (1,0) 
Derwent Reservoir 1 (0,1) Ellington Banks 4 (2,2) 
Foxglove Covert 40 (34,6) Foxglove Covert 10 (8,2) 
Low Barnes 2 (1,1) Low Barnes 2 (2,0) 
Rainton Meadows 6 (5,1) Rainton Meadows 23 (14,9) 
Whittle Farm 1 (1,0) Total 45  
Total 51     
Passer domesticus   Turdus philomelos   
Belmont 8 (7,0)* Foxglove Covert 3 (3,0) 
Whittle Farm 24 (15,4)* Rainton Meadows 2 (1,1) 
Total 32  Total 5  
 
2.2.2 Washing dead birds 
Dead birds were washed for their ecto-parasites using methods according to that of Galloway 
(2005). The majority of dead birds (e.g., those killed by motor vehicles) were collected by Dr. 
Jon Sullivan on his daily bicycle commute between his Christchurch residence and Lincoln 
University (Table 4). This route was cycled twice daily; therefore, the maximum time between 
death and collection would usually have been between eight and 16 hours, unless collected on 
Monday morning. The length of time since Jon had cycled the route was recorded for each 
bird. Other dead birds were collected by: Graeme Rogers (shot in his orchard), Brendan 
Doody (killed by the family cat), Laura Molles, Sam Brown, and I. In all cases, each bird was 
placed in its own plastic bag and frozen. The birds were collected between 2005 and 2010.  
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The washing process began with thawing the bird at room temperature (~20°C); the length of 
time need to thaw depended on the size of the bird. Birds were washed as soon as the feathers 
thawed, because if left to thaw completely, the accumulation of feathers, tissue, cloacal and 
crop contents in the final sieved material added considerable time to louse detection. Each 
bird was washed for three minutes in a 10 litre bucket of soapy warm water. Bucket contents 
were sieved through a 200µm sieve. Sieve contents were flushed into a 200ml PET specimen 
jar with 70% ethanol. This process was completed twice and then the bird was rinsed for three 
minutes in warm water only. Specimen jar contents were then examined for ecto-parasites 
under a dissection microscope and lice, mites, fleas and other insects were removed and 
preserved in 75% ethanol.  
2.2.3 Site selection 
The available UK parasite data were mapped (see section 2.2 Environmental Systems 
Research Institute Inc (ESRI) 2009) to illustrate the distributions of sampling points. An area 
was selected between Leeds and south of the England-Scotland border, because it was devoid 
of sample points (Figure 5). 
In NZ, a Lincoln University animal ethics permit was granted to catch and process live birds 
(Approval number 340) and a licence to disturb wildlife was granted by Natural England
1
 
(licence number 20103283). The UK licence differed from the NZ permit, because in the UK 
additional licences are required to capture and leg-ring birds. It is a complicated and lengthy 
process to gain the initial “C-licence”, which may take upwards of one year to obtain2. For 
this reason, UK fieldwork had to coincide with licensed ringers normal activities. In addition, 
as bird ringing is voluntary, the majority of ringing takes place on weekends. The available 
time is further reduced by the need for dry and relatively windless days to catch birds. Birds 
see and avoid nets on windy days and have difficulty maintain body temperature when wet 
and left hanging upside down in a mist net and may die.  
On arrival in England, Ringer Trainers were contacted through the British Trust for 
Ornithology (BTO) website
3
 through which I received four offers of assistance. Through these 
offers of assistance I gained access to eight sites. These sites were sampled between July and 
October 2010. Four of the sites were BTO Constant Effort Survey sites (CES; Derwent 
                                                 
1
 http://www.naturalengland.org.uk/ourwork/regulation/wildlife/licences/default.aspx: Accessed 01/12/2010 
2
 http://www.bto.org/ringing/ringinfo/become-a-ringer.htm: Accessed 01/12/2010 
3
 http://blx1.bto.org/ringingTrainers/ringing-trainers.jsp: Accessed 07/01/2011 
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Reservoir, Rainton Meadows, Low Barnes and Foxglove Covert), two of the sites were 
Retrapping Adults for Survival scheme sites (RAS; Whittle Farm and Foxglove Covert) and 
the three remaining sites were stand-alone (Bellflask Quarry, Ellington Banks and Belmont). 
The eight sites spanned an area 100 by 35 kilometres (Figure 10). Unofficial bench space was 
provided by The School of Biological and Biomedical Sciences at Durham University. 
 
Figure 10. United Kingdom field sites (Durham and Yorkshire), used for louse collection in 2010. 
2.2.4 Louse identification 
Lice were identified to genus level, using The Chewing Lice: World Checklist and Biological 
Overview (Price et al. 2003). Although parasitic lice tend to be highly host-specific, Price et 
al. (2003) caution against identifying parasite species by which hosts they were collected off. 
However, identifying lice to species level generally requires the specimen to be cleared and 
mounted on a microscope slide (e.g., Palma 1978; Marshall 1981 and; Valim & Palma 2006). 
Hence, in this study, although lice genera were identified using morphological keys (Price et 
al. 2003), species were identified by which host they were collected off. Photographs of 
specimens for each recognisable taxonomic unit (RTU) were sent to Riccardo Palma, (Curator 
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of insects at The Museum of New Zealand, Te Papa Tongarewa) and genera were confirmed. 
Therefore the assumption has been made that louse genera on each host are species reported 
in The Chewing Lice: World Checklist and Biological Overview (Price et al. 2003). Non-
phthirapterans were collected but not identified. 
2.3 Statistical methods 
2.3.1 Infestation parameters 
For birds deloused in New Zealand and the UK, intensity, prevalence and range were reported 
for each louse species on its host species and at each location. For each host species at each 
location, the number of lice from each species per infested host (intensity) was calculated by: 
the sum of the number of lice on all hosts at the location, divided by the sum of the number of 
infested hosts at the location. Prevalence was calculated as: the sum of the number of 
parasitised birds at that location divided by the total number of birds at that location. Range 
was the minimum and maximum number of lice per host species per location. All calculations 
were carried out in R 2.12 (R Development Core Team 2009). 
2.3.2 Generalised linear models 
The main aim of this thesis is to detect variation in louse prevalence between geographic 
regions. However, host body size and louse intensity could be correlated, which would bias 
model outputs. Previous work suggests a positive relationship between host size and louse 
intensity (e.g., Kuris et al. 1980) and host size has been used as a substitute for host longevity 
(MacLeod et al. 2010). In addition, there may be differences in louse intensities between age 
and sex classes of hosts. As above, larger birds could host more lice than smaller birds, as 
resource competition will limit louse density on smaller hosts before density is limited on 
large birds. Juvenile birds could suffer higher infestations than adult birds, because the nest 
environment is favourable to lice and recent transmission from its parents. Unless there are 
morphological or behavioural differences between males and females of the same host 
species, host-sex should not affect louse intensity. I therefore tested whether these 
relationships hold in the 2010 UK dataset. 
2.3.2.1 Model Selection 
Generalised linear models are used to model count data where the variance is not constant 
and/or the errors are not normally distributed (Crawley 2007). They have been used here to 
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detect correlated variables or factors, which can be controlled for when analysing location 
effects. Louse densities are aggregated and follow negative binomial, or over-dispersed 
Poisson distributions (many birds have few lice and a few birds have many lice). Host species 
was included in the model to account for within-species variation. It might be that a single 
host species is lousier than other hosts, and by including the interaction between species and 
host-weight it can be seen whether a single lousy species affects model output.  
Three models were constructed. The first was a simple negative binomial generalised linear 
model where the number of lice per host individual was modelled using only host weight 
(Table 3). The second model used the same response, but the explanatory variables included: 
the interaction between host species and host weight, host sex and host age (see Figure 11). 
The minimal adequate model (MAM) was found based on the smallest Akaike Information 
Criterion (AIC) value. Variables were automatically removed from the model by backward 
selection, using the stepAIC function included in the MASS package in R (R Development 
Core Team 2009). Terms were removed in this order: interaction of host weight and host 
species, host-sex then host-age. The MAM included host-species and –weight (Table 3). 
 
 
Figure 11. The number of lice per host (intensity) as a function of host weight.  
A third model was built using a subset of the data (blackbirds only) with the same response 
and explanatory variables as the second model (minus host species). Blackbirds were selected 
because they were well sampled across 2010 field sites. Backward selection was used to find 
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the minimal adequate model, which was: the number of lice explained by host weight (Table 
3). Terms removed, in order, were host-sex then host-age. 
 
Table 3. Generalised linear models that model louse intensity. MAM = minimal adequate model. 
 intensity ~  
Model 1 host weight  
Model 2 host weight + host species MAM 
Model 3 host weight MAM 
 
2.3.2.2 Assessing generalised linear model fitting 
Model fit was assessed by graphing variances and distributions of errors. If the errors follow 
constant variance, the residual versus fitted value plots should not show any pattern (“look 
like the sky at night” Crawley 2007). If the errors are normally distributed, the standardised 
residuals should equal the theoretical quantity and follow a straight line in the normal Q-Q 
plot. Negative binomial error distributions are indicated by „J‟ shaped Q-Q plots. 
2.3.2.2.1 Model 1. 
The errors were normally distributed, but the residuals seem to increase with host-weight 
(Figure 12). The two blackbirds that were infested with many lice (record 8 and 19 were 
possible outliers) were removed from the data and the model was rerun (Figure 13). 
 
Figure 12. Residual error plots for a generalised linear model with a negative binomial error structure for 
the number of lice on a host explained by host weight. Outliers exert leverage on the model and residual 
plot for the fitted values showed most residuals to be negative (left). The residuals followed a normal 
distribution (right). The two distinct clumps of residual values are caused by not having medium sized 
birds in the dataset.  
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Figure 13. Residual error plots for a generalised linear model with a negative binomial error structure for 
the number of lice on a host explained by host weight with outliers removed. Residual variances are fairly 
constant (left). The residuals followed a normal distribution (right). The two distinct clumps of residual 
values are caused by not having medium sized birds in the dataset. 
2.3.2.2.2 Model 2 
The errors were normally distributed, but the errors increased with host-weight. A single 
blackbird was infested with many lice, which exerted leverage on the model and was removed 
from the dataset. The residual variances were relatively constant, but tended to be more 
negative as predicted values increased (Figure 14). 
 
Figure 14. Residual error plots for the minimal adequate model of a generalised linear model with a 
negative binomial error structure for the number of lice on a host explained by host weight with outliers 
removed. Residual variances are fairly constant, but tend to become more negative as predicted values 
increase (left). The residuals followed a normal distribution (right).  
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2.3.2.2.3 Model 3 
When modelling the number of lice found on blackbirds, the errors were normally distributed 
and the variances tended to become more negative with increasing host weight. (Record 19 
was noted as a possible outlier, Figure 15). 
 
Figure 15. Residual error plots for a generalised linear model with a negative binomial error structure for 
the number of lice on blackbirds explained by host weight with outliers removed. Residual variances are 
fairly constant (left). The residuals followed a normal distribution (right).  
2.3.3 Prevalence modelling 
The main objective of this thesis was to determine if variations in prevalence could affect the 
infection status of lice on translocated birds; specifically, those introduced to New Zealand. If 
no statistical difference in prevalence is found between locations, then source host location 
can be discounted as a reason why lice might have missed the boat. If differences are found, 
then future research should account for prevalence source host location. 
2.3.3.1 Model Selection 
The response variable was the probability of a bird being parasitised (prevalence), which was 
modelled on a logit scale to constrain values between 0 and 1, because the probability that a 
bird is parasitised also lies between 0 and 1 (i.e., binomial; see Agresti 1990).  
The probability of a bird being parasitised may be affected by a combination of factors, 
including geographic location of the sample, collection method, louse phylogeny, and 
collection year. These were included as explanatory variables in the model. Geographic 
locations were sorted into six different regions (Ireland, Scotland, north-England, south-west 
England, south-east England and New Zealand; Figure 9). Meinertzhagen did not wash the 
birds he collected, but the exact method of collecting lice he used is unclear. Given the period 
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that Meinertzhagen sampled birds for lice, birds may have been killed and their lice collected 
at a later time, or immediately in the field. Therefore, it is to see if higher prevalence was 
found in washed birds, collection methods included „washed‟ or „not-washed‟. Different lice 
suborders have different life histories and might be easier to detect than others (Amblycera 
and Ischnocera). The „washed‟ or „not-washed‟ factors could be substituted for „dead‟ 
(washed) or „live‟ hosts. Finally, period was included as prevalence may change over time and 
there may be differences between collectors (1900: Meinertzhagen; 1999: Galloway and 
2010: this study).  
In an additional model it was tested whether louse phylogeny at a lower level (families 
Menoponidae, Philopteridae and Ricinidae) affected louse prevalence. A final model, using 
the same factors, tested whether louse prevalence was uniform across the UK on Blackbirds 
(T.merula) hosts alone. Blackbirds were selected because they are relatively well sampled in 
all datasets. 
Meinertzhagen‟s sampled for lice throughout the year, with no definite collection season; 
nonetheless, because of the limited number of samples per location collection season was not 
included in the model. 
2.3.3.2 Bayes Theorem  
Obtaining correct parameter estimates with traditional methods such as maximum likelihood 
is unlikely when sample sizes are small. With small samples sizes (such as in this dataset: the 
number of birds caught at each location), the uncertainty around those estimates will tend to 
be large because there is not enough data to estimate them more precisely. One way of 
overcoming this problem is to use a Bayesian framework which provides parameter estimates 
along with estimates of the uncertainty around these. Bayesian estimates are expressed as a 
probability distribution wherein the true value will lie; these are reported as 95% „credible 
intervals‟ which are the 95% quantiles of the posterior probability distribution. For example, 
using Bayesian techniques in this study will result in parameters for regions with few louse 
records will have larger credible intervals than regions with many louse records. Note that 
credible intervals in this study are abbreviated to „CI‟, which should not be confused with the 
„confidence interval‟.  
In the frequentist framework, null and alternative hypotheses are stated after which the null 
hypothesis is rejected if the probability of observing the data given the hypothesis is greater 
than a predefined level, such as five percent. Typically, results are reported that there is either 
  31 
insufficient evidence to reject the null hypothesis, or there is sufficient evidence to reject the 
null hypothesis at a predefined level.  
A Bayesian approach asks: what is the probability of the hypothesis being true given these 
observed data? Bayesian methods weigh likelihood values by prior probabilities to obtain 
posterior probability distributions. Without data, the posterior will be identical to the prior.  
For a finite number of hypotheses, Bayes‟ rule states that the probability of the hypothesis (Hi) 
given the data (D) equals the probability of the hypothesis (Hi) multiplied by the probability 
of obtaining the data given the hypothesis as a proportion of the prior probabilities of the 
different hypothesis (p(Hj)) multiplied by the probability of obtaining the data given the 
hypothesis           (McCarthy 2007). For example: 
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Traditionally, informative prior distributions are sourced from the literature or pilot studies 
and are beliefs about the distribution of the data. However, prior distributions can be 
constructed in two other ways: (1) a weakly informative prior can be used to guide the 
analyses away from giving nonsensical posteriors, but these are only used in classical logistic 
regressions (Gelman et al. 2008); (2) an uninformative prior distribution. The uninformative 
prior follows the same distribution as the data. An uninformative prior will not influence the 
posterior distribution, but it sets bounds for the Markov chain to sample within and is 
recommended when no evidence of prior beliefs exists, or when prior beliefs are controversial 
(Stauffer 2008).  
The Markov chain Monte Carlo (MCMC) algorithm can be used to perform statistical 
inference for Bayesian models. MCMC requires a number of initial parameter values to start 
the iterative process of parameter estimation. These preceding estimated parameters are then 
used to again estimate the model parameters, and so on, sampling consecutively from a target 
distribution, with each sample being dependent on the previous sample (this process builds a 
„chain‟ of parameter estimates; each step is called an iteration). The possible values of each 
chain lie within the prior distribution, and during consecutive iterations all chains mix and 
their values become centred on a common distribution (Figure 16). When the chains have 
converged, the resulting distribution of a large number of iterations can then be used to 
calculate the model parameters, while the iterations prior to convergence are discarded (burn-
in). 
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Figure 16. Simulated trace plots for three chains (coloured lines). The top figure shows the three starting 
points and paths to convergence for each chain (bottom). The axis scales differ between plots. 
2.3.3.3 Assessing Bayesian model fitting 
The first step is to run the model for a relatively small number of iterations to make sure that 
the chains have converged. Convergence is checked by plotting a trace of the sampling chains, 
the chains have converged when all the chains overlap (Figure 16). The iterations previous to 
the convergence point are discarded (burn-in) and the model is re-run from beyond the 
convergence point. An increasing or decreasing trend indicates non-convergence and the burn-
in period is not complete (Johnson & Albert 1999). Discarding the non-converged section of 
the chain ensures that the true posterior distribution is drawn from a stationary distribution of 
the Markov chain (Clark & Gelfand 2006).  
Diagnostic functions such as the Geweke plot (Geweke 1991), test if the values at the 
beginning and end of a chain are similar. If they are similar, the chain has converged and is 
considered stationary. If a large number of Z-scores fall outside 1.96 (95% confidence 
interval) then the chain may not have converged (Geweke 1991). A second tool is 
Heidelberger and Welch's (1983) convergence diagnostic, which tests for stationarity and 
either passes or fails each modelled term for each chain.  
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Poor choice of initial starting value, high posterior auto-correlation or a sticky MCMC 
algorithm will give invalid model outputs
5
. The Gibbs sampler begins sampling from this 
initial value (set by the user for each chain). Each successive iterative step begins at the 
previous simulated value. If there is strong auto-correlation between successive simulated 
values, then the values will provide similar information about the posterior than a single 
independent value (Johnson & Albert 1999). High posterior auto-correlations in the Markov 
chain are a result of slow mixing of the chains (sticky MCMC) and leads to slow 
convergence
6
. Raftery and Lewis (1992) designed a way of testing for auto-correlation.  
In Bayesian methods, shrinkage is where the posterior estimate of the population mean is 
shifted from the sample mean toward the prior mean (Armitage et al. 2008). For example, if 
the proportion of birds infested with x lice is a decreasing function of x, the host‟s estimated 
probability of being infested with lice is lower than the observed proportion of infested hosts 
(see Zhao et al. 2010). Shrinkage estimators are used to stabilise and smooth estimates and 
reduce error.  
2.3.3.4 Bayesian model of lice prevalence 
A Bayesian multilevel logistic regression (see Gelman & Hill 2007) was used to estimate the 
posterior distributions of coefficients for the prevalence of lice on hosts, using the explanatory 
variables outline above. All Bayesian computations were performed using Markov chain 
Monte Carlo (MCMC) methods within OpenBUGs (Thomas et al. 2006) called through the 
BRugs package in R-version 2.12.0 (R Development Core Team 2009).  
Uninformative priors were selected, because independent data were not available that covered 
host-parasite interactions. All priors followed a normal distribution with a mean of zero and 
precision of 1000 (1/variance). Three chains of the MCMC algorithm were started with 
random normally distributed initial values. To ensure the iterations had converged on a 
common distribution, the model was run for 27,000 iterations with the first 7,000 iterations 
discarded (burn-in) (trace plots for each modelled parameter are in Appendix 7.3).  
The outcomes of the model, or posterior frequency distributions for modelled terms, are 
displayed with the median and 2.5% and 97.5% quantiles (i.e., 95% credible interval). No 
                                                 
5
 See http://127.0.0.1:19740/library/coda/html/raftery.diag.html accessed 07/12/2010 
6
 See http://127.0.0.1:17357/library/coda/html/autocorr.html accessed 8/12/2010 
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difference between terms is found if credible intervals overlap zero. As in frequentist 
methods, model outputs must be scrutinised to ensure that the model assumptions are met.  
Convergence and stationarity was tested using the Geweke diagnostic function in BRugs 
(Appendix 7.3) and auto-correlation was identified by inspecting trace plots of MCMC output 
(Appendix 7.3). The shrink factor was estimated using Gelman and Rubin's function 
Gelman.plot (Appendix 7.3). The R-script of the model and summaries are in Appendix 7.2. 
 
  36 
3 Results 
 
 
 
 
 
Plate 3. The busy bird ringing room at Foxglove Covert, with birds waiting to be processed in cloth bags.  
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3.1 Prevalence and Intensity 
3.1.1 New Zealand (2010) 
Data collected in New Zealand during this study are summarised here. Live birds were 
sampled between February and May 2010 and washed birds were collected throughout the 
year between 2005 and 2010. 
Forty eight dead birds (Passerinidae) were washed (Table 4) and 43 live birds were dust-
ruffled to collect their chewing lice (Table 5). Turdus merula were the most commonly 
washed species (n=17), with 29% of individuals harbouring Menacanthus eurysternus 
(intensity=44.4 lice per host; range 1-135) or Philopterus turdi (intensity= 29.2 lice per host; 
range 1 - 44). Of the ten T. merula that were dust-ruffled in Canterbury, 30% hosted M. 
eurysternus (intensity=109.3 lice per host; range 1 - 325). 
Two louse species were collected from seven washed P. domesticus: Two M. eurysternus 
(prevalence=14%, intensity=2 lice per host; range 1 - 2), 32 Brueelia cyclothorax 
(prevalence=29%, intensity=16 lice per host; range 1 - 30). Five of the 20 live Passer 
domesticus hosts were infested with M. eurysternus (intensity=1.8 lice per host; range 1 - 3). 
Likewise, two louse species were collected off seven T. philomelos. Fifty seven percent were 
infested with Philopterus turdi (intensity=5.75 lice per host; range 1-12); One host was 
infested with M. eurysternus (intensity=3 lice per host; range 1-3). Of the two live T. 
philomelos processed for lice, a single bird had one M. eurysternus.  
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Table 4. Louse prevalence, intensity and range for washed (dead) birds, collected in Canterbury New 
Zealand (2010). If present, the number of parasitised hosts is enclosed within parentheses. 
Washed  
host species Parasite species 
Number of  
hosts 
Number of  
parasites Intensity Prevalence Range 
Turdus merula Menacanthus eurysternus 17(5) 222 44.4 29% 0 - 135 
Turdus merula Philopterus turdi 17(5) 146 29.2 29% 0 - 44 
Fringilla coelebs None 4 0 - - - 
Prunella modularis Philopterus modularis 3(2) 3 1.5 67% 0 - 3 
Carduelis chloris None 6 0 - - - 
Passer domesticus Brueelia cyclothorax 7(2) 32 16 29% 0 - 30 
Passer domesticus Menacanthus eurysternus 7(1) 2 2 14% 0 - 2 
Carduelis flammea None 4 0 - - - 
Turdus philomelos Philopterus turdi 7(4) 23 5.75 57% 0 - 12 
Turdus philomelos Menacanthus eurysternus 7(1) 3 3 14% 0 - 3 
 
Table 5. Louse prevalence, intensity and range for live birds captured in Canterbury, New Zealand (2010). 
If present, the number of parasitised hosts is enclosed within parentheses. 
Host species Parasite species Location 
Number of  
hosts 
Number of  
parasites Intensity Prevalence Range 
Turdus merula Menacanthus eurysternus Leeston 8(2) 3 1.5 25% 0 - 2 
Turdus merula Menacanthus eurysternus Lincoln 2(1) 325 325 50% 0 - 325 
Prunella modularis None Leeston 2 0 - - - 
Carduelis chloris None Leeston 1 0 - - - 
Carduelis chloris None Lincoln 2 0 - - - 
Passer domesticus Menacanthus eurysternus Leeston 20(5) 9 1.8 25% 0 - 3 
Sturnus vulgaris Menacanthus eurysternus Leeston 5(2) 5 2.5 40% 0 - 4 
Turdus philomelos Menacanthus eurysternus Leeston 2(1) 1 1.0 50% 0 - 1 
Turdus philomelos None Lincoln 1 0 - - - 
        
 
3.1.2 United Kingdom (2010) 
Between July and October 2010 (summer – autumn), 199 passerine birds were processed for 
their chewing lice in the United Kingdom (Table 2). Occurrences where fewer than ten hosts 
were processed at a site are excluded from further analyses and results, but are presented in 
Table 6. Of the host species sampled, Turdus merula hosted the greatest number of louse 
species (n=5) and the highest louse prevalence (  =24%) and intensity (  =3.7). Three adult 
and ten juvenile females, ten adult and 12 juvenile males and ten unsexed juvenile birds were 
processed for lice (Table 7). The most T. merula were processed at Rainton Meadows (n=23; 
Table 6), where 74% (n=17) of the hosts suffered infestations. Of all infested hosts at all sites, 
six individuals were infested by two louse species, and one bird hosted three louse species. 
The average louse prevalence on all hosts (ten or greater hosts per site) was 32% and average 
intensity was 2.9 lice per host. The most heavily infested individual T. merula was a juvenile 
bird, processed at Ellington Banks (n=32 lice).  
The greatest number of a single host species processed at any location was Fringilla coelebs, 
at Foxglove Covert (n=40). Three louse species were detected (Table 6), with an average 
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prevalence of 11% of hosts infested. The average intensity was two lice per infested bird. Five 
adult and 14 juvenile females, five adult and 17 juvenile males and ten unsexed juvenile birds 
were processed for lice (Table 7). 
At Whittle Farm, two of the processed 24 Passer domesticus hosts were infested with 
Philopterus fringillae (8%). The infestation intensity was three lice per infested bird. No lice 
were detected on the remaining hosts. One adult, two juvenile and three un-aged females, 
three adult and three un-aged males and twenty unsexed juvenile and one unsexed and un-
aged bird were processed for lice (Table 7). Similarly, 24 Carduelis chloris were processed at 
Foxglove Covert; however, lice were detected on only one host (Menacanthus eurysternus; 
Table 6). One adult and six juvenile females, four adult and 11 juvenile males and two 
unsexed juvenile birds were processed for lice (Table 7). 
Prunella modularis was the remaining species where ten or greater hosts were processed at 
any location. Of the ten hosts processed at Foxglove Covert, two birds were infested with one 
louse (Philopterus modularis) each (Table 6). Of all host birds processed, a single P. 
modularis at Ellington Banks was infested with the greatest number of lice (n=47 lice). 
Another P. modularis, processed at Rainton Meadows, hosted 25 lice (M. eurysternus; Table 
6). Three adult females, one adult and one juvenile male and 23 unsexed juvenile birds were 
processed for lice (Table 7). 
M. eurysternus was the most abundant louse species detected (n=136); however, overall, 
philopterid lice were more abundant than menoponid lice (n=181 and 144; Table 11). Over all, 
a greater proportion (33%) of juvenile birds were infested than adult birds (20%) (Table 7). 
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Table 6. Prevalence, intensity and range for lice collected from live birds, in the United Kingdom (2010). 
Host species 
 and location Parasite species 
Number 
of  
hosts 
Number of 
parasitised 
hosts 
Number 
of  
parasites Intensity Prevalence Range 
Carduelis carduelis        
Belmont None 1 0 0 0.0 0% 0 
Ellington Banks None 2 0 0 0.0 0% 0 
Foxglove Covert None 1 0 0 0.0 0% 0 
Low Barnes None 2 0 0 0.0 0% 0 
Rainton Meadows None 2 0 0 0.0 0% 0 
Whittle Farm None 3 0 0 0.0 0% 0 
Carduelis chloris        
Foxglove Covert Menacanthus eurysternus 24 1 2 2.0 4% 0 – 2 
Carduelis flammea        
Foxglove Covert Philopterus sp. 2 1 1 1.0 50% 0 – 1 
Fringilla coelebs        
Belmont None 1 0 0 0.0 0% 0 
Derwent Reservoir Philopterus fortunatus 1 1 1 1.0 100% na 
Foxglove Covert Philopterus fortunatus 40 7 21 3.0 18% 0 – 8 
Foxglove Covert Brueelia kluzi 40 2 2 1.0 5% 0 – 1 
Foxglove Covert Menacanthus eurysternus 40 4 8 2.0 10% 0 - 4 
Low Barnes None 2 0 0 0.0 0% 0 
Rainton Meadows None 6 0 0 0.0 0% 0 
Whittle Farm None 1 0 0 0.0 0% 0 
Passer domesticus        
Belmont Menacanthus eurysternus 8 1 1 1.0 13% 0  - 1 
Whittle Farm Philopterus fringillae 24 2 6 3.0 8% 0 - 5 
Prunella modularis        
Belmont Philopterus modularis 8 1 2 2.0 13% 0 - 2 
Ellington Banks Menacanthus eurysternus 2 1 47 47.0 50% 0 - 47 
Foxglove Covert Philopterus modularis 10 2 2 1.0 20% 0 - 1 
Low Barnes None 2 0 0 0.0 0% 0 
Rainton Meadows Menacanthus eurysternus 4 1 25 25.0 25% 0 - 25 
Whittle Farm None 2 0 0 0.0 0% 0 
Sturnus vulgaris        
Belmont Menacanthus eurysternus 1 1 5 5.0 100% na 
Turdus merula        
Bellflask Quarry Menacanthus eurysternus 2 1 2 2.0 50% 0 - 2 
Bellflask Quarry Brueelia „One‟ 2 1 4 4.0 50% 0 - 4 
Belmont Philopterus turdi 3 2 2 1.0 67% 0 - 1 
Derwent Reservoir Brueelia „One‟ 1 1 8 8.0 100% na 
Ellington Banks Brueelia „One‟ 4 3 39 13.0 75% 0 - 32 
Foxglove Covert Myrsidea thoracica 10 2 8 4.0 20% 0 - 5 
Foxglove Covert Brueelia „One‟ 10 3 4 1.3 30% 0 - 2 
Foxglove Covert Philopterus turdi 10 4 9 2.3 40% 0 - 3 
Foxglove Covert Brueelia „Two‟ 10 1 7 7.0 10% 0 - 7 
Foxglove Covert Menacanthus eurysternus 10 1 6 6.0 10% 0 - 6 
Low Barnes Menacanthus eurysternus 2 2 4 2.0 100% na 
Low Barnes Philopterus turdi 2 1 6 6.0 50% 0 - 6 
Low Barnes Brueelia „One‟ 2 2 16 8.0 100% na 
Rainton Meadows Menacanthus eurysternus 23 8 33 4.1 35% 0 - 16 
Rainton Meadows Philopterus turdi 23 5 16 3.2 22% 0 - 6 
Rainton Meadows Brueelia „One‟ 23 8 25 3.1 35% 0 - 5 
Rainton Meadows Brueelia „Two‟ 23 4 8 2.0 17% 0 - 4 
Turdus philomelos        
Foxglove Covert Menacanthus eurysternus 3 1 3 3.0 33% 0 - 3 
Rainton Meadows Brueelia turdinulae 2 1 2 2.0 50% 0 - 2 
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Table 7. Sex and age of host species processed for this study in the United Kingdom. If present, the 
number of parasitised hosts is enclosed within parentheses. 
Host species 
Female Total Male Total NA (unknown sex) Total Grand 
Total 
A J NA   A J NA   A J NA   
Carduelis carduelis 3   3 5   5  3  3 11(0) 
Carduelis chloris 1 6  7 4 11(1)  15  2  2 24(1) 
Carduelis flammea      1(1)   1  1  1 2(1) 
Fringilla coelebs 5 14(5)  19 5(1) 17(3)  22  10(2)  10 51(11) 
Passer domesticus 1 2(1) 3 6 3  2 5  20(3) 1 21 32(4) 
Prunella  modularis 3   3 1 1  2  23(4)  23 28(4) 
Sturnus vulgaris            1(1)  1 1(1) 
Turdus merula 3(1) 10(8)  13 10(5) 12(11)  22  10(8)  10 45(33) 
Turdus philomelos  1  1      1(1) 3(1)  4 5(2) 
Total 16(1) 33(14) 3 52 29(7) 41(15) 2 72 1(1) 73(19) 1 75 199(57) 
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3.2 Generalised linear models 
3.2.1 Basic model 
The generalised linear model of louse intensity on host weight only showed that the number 
of lice found on hosts (intensity) was significantly correlated with host-weight (p=0.017; 
model 1; Table 8).  
Table 8. Simple generalised linear regression of louse intensity explained by host weight. 
Explanatory variable Estimate Pr(>|z|)  
Intercept 0.65911 0.0605 . 
Weight 0.01 0.017 * 
 
3.2.2 Minimal adequate model 
Based on the Akaike Information Criterion, the minimal adequate model showed that the 
number of lice found on hosts was negatively correlated with host-weight (p=0.0007), and 
significantly correlated with host species (model 2; Table 9). When host-species was restricted 
to blackbirds (model 3), host-weight had a significant and slightly negative relationship with 
louse intensity (p<0.05; Table 10). 
Table 9. Intensity is negatively correlated to host-weight and differs between host species. 
Explanatory variable Coefficient Pr(>|z|) 
Intercept 2.07498 0.0179 * 
Weight -0.05137 0.0007 *** 
Carduelis flammea -1.53047 0.2489  
Fringilla coelebs -0.21866 0.7906  
Passer domesticus -0.66746 0.6088  
Turdus merula 4.23917 0.0009 *** 
 
Table 10. GLM MAM output for model 3 (Blackbirds only). 
Explanatory variable Coefficient  Pr(>|z|)  
Intercept 5.65995 0.00319 ** 
Weight -0.04284 0.03452 * 
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Table 11. The majority of lice collected from hosts in the United Kingdom in 2010 belonged in the Philopteridae family (66%; n=181). One hundred and thirteen of 
these were Brueelia sp. (64%). The remaining 44% of lice belonged to the Menoponidae family (n=144). Ninety four percent of these were Menacanthus eurysternus. 
Sixty one percent of all lice were collected off Turdus merula (blackbird). 
 
 
 
Suborder Family Louse species 
Turdus 
merula 
Fringilla 
coelebs 
Prunella 
modularis 
Carduelis 
carduelis 
Carduelis 
chloris 
Passer 
domesticus 
Carduelis 
flammea 
Turdus 
philomelos 
Sturnus 
vulgaris 
Total 
Amblycera Menoponidae Menacanthus eurysternus 45 8 72  2 1  3 5 136 
Amblycera Menoponidae Myrsidea thoracica 8         8 
Ischnocera Philopteridae Brueelia ‘One‟ 96         96 
Ischnocera Philopteridae Philopterus turdi 33         33 
Ischnocera Philopteridae Philopterus fortunatus  22        22 
Ischnocera Philopteridae Brueelia ‘Two‟ 15         15 
Ischnocera Philopteridae Philopterus fringillae      6    6 
Ischnocera Philopteridae Philopterus modularis   4       4 
Ischnocera Philopteridae Brueelia kluzi  2        2 
Ischnocera Philopteridae Brueelia turdinulae        2  2 
Ischnocera Philopteridae Philopterus sp.       1   1 
  Total 197 32 76 0 2 20 1 5 5 325 
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3.3 Bayesian 
The probability of a host being infested with lice differed between the six regions: hosts were 
less likely to be infected with lice in Scotland and northern England than southern England, 
and New Zealand. Philopterid (Ischnocera) lice were less likely to be detected on hosts than 
menoponid lice and hosts sampled in 2010 (this study) were less likely be infected than other 
years (Figure 18). These results show significant negative relationships as the credible 
intervals all fall below zero. No evidence was found to suggest a significant relationship that 
washing hosts altered the probability of finding infected hosts. The mean parameter estimates 
of the posterior densities for the two southern-England regions were slightly positive, but not 
significant. Parameter values were estimated from converged and non-auto-correlated subset 
of the full model output (See appendix 7.3).  
 
Figure 17. The estimated parameter values using a multilevel logistic regression of the probability of a 
host being parasitized, as predicted by: louse sub-order, collection method, geographical region and year 
(researcher). Shading depicts the density of the distributions of posterior probability and the vertical lines 
represent the 95% posterior credible interval and the median value (the denstrip package was used in R to 
create shading (Jackson 2008)). Intervals that do not overlap zero are significantly different from zero and 
they significantly affect the response variable (probability of being infested). Ischnocera, north England, 
Scotland and 2010 all have significant negative relationships with the probability of a host being infested 
with lice. 
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Figure 18. The estimated parameter values using a multilevel logistic regression of the probability of a 
host being parasitized, as predicted by: louse family, collection method, geographical region and year 
(researcher). Shading depicts the density of the distributions of posterior probability and the vertical lines 
represent the 95% posterior credible interval and the median value (the denstrip package was used in R to 
create shading (Jackson 2008)). Intervals that do not overlap zero are significantly different from zero and 
they significantly affect the response variable (probability of being infested). Philopteridae, north 
England, Scotland and 2010 all have significant negative relationships with the probability of a host being 
infested with lice. 
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Blackbirds (T. merula) were well sampled in all datasets and modelled separately. No 
difference was found in the probability of being parasitised. All but one parameter showed a 
negative and non-significant relationship with the probability of being parasitised. A blackbird 
was slightly more likely to be infested in the south-eastern region of England than the 
reference region, but this was not significant (Figure 19). 
 
Figure 19. No difference in probability of a blackbird being parasitised was found. This included louse 
suborder, collection method and researcher. Data were filtered to include records where ten or more hosts 
were processed at a location. Shading depicts the density of the distributions of posterior probability and 
the vertical lines represent the 95% posterior credible interval and the median value (the denstrip package 
was used in R to create shading (Jackson 2008)). Intervals that do not overlap zero are significantly 
different from zero and thus significantly affect the response variable (probability of being infested). 
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4 Discussion 
 
Plate 4. Chaffinch (Fringilla coelebs) about to be released post dust-ruffling.  
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4.1 Louse prevalence between regions 
The analyses used in this study show that the probability of a host being infested with lice 
differs between modelled regions. Prevalence was significantly lower in Scotland and 
northern England than in Ireland (the reference region). Crucially, this finding addresses the 
primary question set out in this thesis: host source location could be a factor in the presence of 
parasites on birds introduced to NZ. When modelling the probability of louse presence or 
absence on introduced hosts, the probability of being infested at the source location should be 
addressed as a further level of uncertainty in louse prevalence.  
The results of this current study suggest that the probability of missing the boat could be 
related to increasing latitude (in the northern hemisphere), but louse prevalence might also be 
related to host population sub-structuring, or an artefact of recent sampling. No difference was 
found, when MacLeod et al. (2010) used their dataset to test whether the probability of 
missing the boat differed between Scotland and England. As their full dataset was not 
available, this study used the Meinertzhagen dataset and those collected as part of this 
research to model prevalence over a much broader geographical range. Nonetheless, the 
results presented here suggest that there could be a greater chance of a louse species missing 
the boat if its hosts were sourced from the north of England or Scotland, than if its hosts were 
sourced from Ireland. That is, the chance of catching a parasitised host could be reduced in 
those higher latitudes.  
The lower probability of parasitism in the north of England and Scotland could be driven by 
factors such as climate or host-habitat. Species richness is reported to decrease with latitude 
(Gaston 2000; Gaston & Blackburn 2000), and species presence is regulated by the 
interactions with the environment, competition and predation (e.g., ecological niche Whittaker 
et al. 1973; Krebs et al. 1995). The indirect relationship between louse intensity and latitude
7
 
could be driven by a number of factors (Austin 2002), but is most likely to be the 
temperature/moisture gradient: humidity and temperature decrease with increasing latitude. 
If the decreased probability of a host being parasitised at higher latitudes was a response to 
relative humidity, a relationship between the probability of parasitism and humidity should be 
evident. In northern Scotland (latitude 57°N) the average relative humidity ranges between 
                                                 
7
 The significant difference found in louse prevalence in the north of England and Scotland could be related to 
latitude, and latitude is substituted for region.  
  49 
67% and 89%, in London (51°N) 55% and 91%
8
, and in Canterbury (NZ; 43°S) 71% and 
87%
9
. The probability of parasitism is lower in the north of England and Scotland than the 
reference region; however, the ranges of relative humidity can be higher or lower in the south 
of England (London) than in northern latitudes. Furthermore, the variations in relative 
humidity in the UK may not be as large as considered in the studies above (including Moyer 
et al. 2002a; Carrillo et al. 2007). However, as these values are long term averages, they do 
not take into account any extreme values and fluctuations, which may be more important in 
limiting louse abundance.  
Many published articles use climate and habitat variables to predict species presences or 
absences (e.g., Guisan & Thuiller 2005; Elith et al. 2006) and these bioclimatic models are 
useful to predict species distributions. Obligate parasites, such as chewing lice, can only exist 
where their hosts are found, as the host provides complete sustenance and micro-climate for 
lice to live. Indeed, in their native range, as long as hosts are present their parasites should be 
detected. This might not be true when hosts have been introduced to new regions. 
Although no data exists on host source location for birds introduced to NZ, or ports the ships 
embarked from the UK, data are available on the ports where emigrant ships embarked for NZ 
(Figure 20). In the late 1800‟s, modes of transport for carriage of caged birds would have been 
limited to horse drawn carriage, coastal shipping or train, so hosts were probably sourced in 
proximity to ports from where ships embarked. Parasite species that have high prevalence 
rates, whose hosts were sourced in relatively close proximity to these historical sea-port 
locations, should have a higher chance of establishing in NZ. This is because it was less likely 
that host collection was conducted great distances away from the port. Conversely, if hosts 
were sourced from regions found to have low prevalence and close to ports (e.g., the north of 
England and Scotland), there is a higher probability that their lice missed the boat. This could 
be the reason why some lice are not found on their translocated host species  
                                                 
8
 http://www.washingtonpost.com/wp-srv/weather/longterm/historical/data/inverness_unitedkingdom.htm 
accessed 08/02/2011 
9
 http://www.niwa.co.nz/education-and-training/schools/resources/climate/humidity accessed 08/02/2011 
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Figure 20. Sea-port locations where ships departed for New Zealand, between 1835 and 1910. The shaded 
areas indicate 25, 50 & 100km buffers around each port. 
(source: http://freepages.genealogy.rootsweb.ancestry.com/~shipstonz/shipstonz.htm: accessed 19/12/2009) 
4.2 Intensity and prevalence 
Prevalence and intensity of lice on selected bird species are documented here and supplement 
the sparse recent information on New Zealand and United Kingdom host-parasite 
associations. In NZ, louse prevalences on washed and dust-ruffled birds were very similar, but 
higher louse intensities were found on washed birds (see Tables 4 & 5). Species richness was 
greater on washed birds; Menacanthus eurysternus was the only louse species detected on the 
dust-ruffled hosts, whereas Menacanthus, Philopterus and Brueelia species were found on 
washed birds. In the UK, blackbirds (Turdus merula) hosted the greatest species diversity, 
intensity and prevalence of all hosts sampled. However, only five of the seven louse species 
known to infest blackbirds were encountered (see Price et al. 2003), and this phenomenon is 
similar for all the hosts sampled.   
The differences in intensity and species richness observed between collection methods in New 
Zealand indicate washing should be the sampling method used to accurately estimate louse 
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intensity. However, washing requires the host to be euthanised, or collected immediately after 
death. In the 19
th
 and 20
th
 centuries, animals were routinely euthanised to collect specimens; 
these days it is unethical to kill animals for research purposes. Without ready access to dead 
birds, researchers must settle on dust-ruffling or another sampling method to collect lice off 
live birds (e.g., fumigation chambers Clayton & Drown 2001). In addition, when using the 
full dataset, no difference was found in prevalence between washed and non-washed birds. 
This means that dust-ruffling could be used to determine prevalence, but hosts should be 
washed to determine intensity.  
Insufficient sample sizes in this study meant that generalisations of infestation parameters 
could not be made between dust-ruffled birds in the UK and NZ. House sparrows (Passer 
domesticus) were probably the only species processed in both the UK and NZ in sufficient 
numbers to make infestation comparisons. In the UK, only three percent of house sparrows 
were infested with M. eurysternus; however in NZ 25% were found to be infested. M. 
eurysternus were prevalent on all host species sampled in UK except goldfinches (Carduelis 
carduelis) and were the only species found on live birds in NZ. The extremely low prevalence 
found on house sparrows in the UK might be caused by unknown variations in host species 
distributions. Perhaps, if hosts were sampled at a greater number of locations, louse 
prevalence might be greater. There are many other reasons why infestation parameters could 
vary within or between host populations.  
4.2.1 Explanations for variations in prevalence and intensity 
Birds processed as part of this study are assumed to be a random subset of their natural 
populations. Seasonal bias in louse densities might have been a factor, as although the live 
hosts were processed within the same season and in the same year, Meinertzhagen‟s and 
washed host were sampled across years and seasons. Where nets were placed to intercept 
birds travelling to and from feeding stations, birds that dominated these feeding stations could 
have been more likely to be caught moving to and from feeders and dominant birds tend to be 
healthy birds. This was not tested; however there is no evidence to suggest that parasitised 
birds were more likely to be caught in mist-nets than others: only one third of sampled birds 
were infected.  
Meinertzhagen‟s research was carried out over many years, so any variation in louse 
prevalence in his data should not be biased by weather. However, this current research 
followed a particularly cold UK winter, which might have caused non-random mortality in 
louse infested birds. Some lice feed on feathers and birds use feathers for warmth. Birds 
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suffering high infestations might struggle to maintain core body temperature during extreme 
cold events and perish in the cold, when uninfected hosts might live. Therefore, the 2010 
breeding season (spring) might have begun with low louse prevalence in the host population 
and it might take some time for louse prevalence to return to previous aggregated proportions.  
Given the aggregated nature of the presence of lice on hosts, too few hosts might have been 
sampled to allow an accurate description of louse prevalence at all locations. A model of only 
blackbirds, which were well sampled and give informative results on prevalence, showed no 
difference in the probability of louse infestation (prevalence) between regions. This result 
adds further complexity to model building and contrasts with the main finding of this study: 
that prevalence differs between regions. Variations in prevalence between regions might 
depend on host species.  
Bayesian analyses of datasets with small sample sizes tend to provide better estimates of 
prevalence than frequentist methods with the same data (see Albert & Chib 1993). The 
analyses in this study highlight differences in the probabilities of hosts being parasitised, 
depending on which suborder a louse belongs. A negative and significant relationship was 
found between ischnocerans, or at least philopterids, and the probability of a host being 
parasitised. It seems that fewer birds hosted ischnoceran lice (live on feathers) than 
amblyceran lice (live on the feathers and skin) (Møller & Rózsa 2005). Clayton et al. (1992) 
found that, if either were the sole louse species on its host, ischnocerans were more likely to 
infest hosts with a larger body size than were amblyceran lice. Unfortunately, they failed to 
publish values for host body sizes for comparisons to be made. 
The relationships between host-weight and the number and diversity of lice per host are well 
documented (Rózsa 1997). These relationships are by no means general (Poulin 2007), and 
findings of marginal significance as reported in this study, could be an artefact of too few host 
species being sampled. In addition, the heaviest species studied, blackbirds, was a particularly 
lousy species. Before conclusions can be drawn upon the results of this model, additional 
individuals of light-weighted species as well as additional species with body weight greater 
than that of blackbirds should be included in models (see Table 11). It seems that lighter 
blackbirds have more lice than heavy blackbirds, but that relationship could be driven by a 
few light birds with high louse intensities and a greater number of hosts might be needed to 
show natural patterns. 
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Prevalence and intensity of louse species Brueelia „One‟ on blackbirds processed at Foxglove 
Covert was greater than at Rainton Meadows, which supports the reasoning that birds that 
were given supplementary feed may be healthier than those that were not (Table 6). However, 
when sample size and aggregation were accounted for (Appendix 6.1), the mean number of 
Brueelia „One‟ per host was significantly less at Foxglove Covert than Rainton Meadows 
(Figure 21). Although the non-overlapping of standard errors shows a difference in the mean 
number of Brueelia „One‟ per host between the two sites, perhaps no difference would be 
found if a greater number of hosts were sampled. 
 
Figure 21. The mean number of Brueelia ‘One’ per blackbird (Turdus merula) varied between locations 
(ordered from south to north). The numbers above error bars are the numbers of birds sampled at each 
location. Error bars represent one standard error of the mean (see appendix 7.1 for equations).  
The habitats differ between Rainton Meadows and Foxglove Covert. Like many reserves in 
the region, Rainton Meadows is a wetland redevelopment of a disused open-cast coalmine. 
Species diversity differs between the two reserves; two hundred species have been identified 
at Rainton Meadows, whereas, more than 2000 have been identified at Foxglove Covert. 
Foxglove Covert provides more diverse habitats than Rainton Meadows and the area sampled 
for birds could fit within Foxglove Covert sampled area many times (nine mist-nets were used 
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to catch hosts at Rainton Meadows, whereas, in excess of thirty were used at Foxglove 
Covert).  
Non-random access to a good food source is a cause of mortality in birds and specially might 
affect non-migratory, wintering birds: food is naturally sparse in winter and snow or ice cover 
can hinder birds from accessing available food. For example, birds suffering high louse 
intensities might have survived through the winter at Foxglove Covert where they are fed 
throughout the winter, when similarly infested birds at other sites might not. In contrast, birds 
are not sedentary, and during the winter when resources were meagre, birds could have 
dispersed from where I caught them to nearby and better resourced urban areas, such as 
Sunderland and Durham. Individuals would need to be tracked over years to determine true 
dispersal patterns that could affect louse prevalence. 
Generalisations made about prevalence and intensity from these results should be viewed in 
context of host pedigree and age class. Only two of the 24 house sparrows sampled at Whittle 
Farm were infested with lice (Philopterus sp.). Both birds were juveniles caught on the same 
day, and could have come from the same nest. However, if we assume the “Tasty Chick 
Hypothesis” to be true (Christe et al. 1998), then these parasitised birds could be the last 
hatched, weak birds that suffer greater louse intensities and come from separate nests. The 
remaining 13 juveniles lacked infestation and could have recently fledged from nests with 
uninfected parents. Of the 193 aged birds, 76% were under breeding age (in their first year) 
and an unknown proportion of these would have recently fledged, including 82% of dunnocks 
(Prunella modularis) and 62% of house sparrows.  
Vertical transmission of lice at the nest from the parent to the chick is a mechanism for birds 
to become infected, so juvenile bias could give a falsely increased intensity estimate for the 
population. The bias should not affect prevalence, because although it might be hard to detect 
absolute prevalence with dust-ruffling, once infested it is unlikely for a bird to lose all its lice. 
Therefore, hosts with very low infestations might be mistaken as uninfected birds and in this 
case, visual examination for eggs might allude to louse presence.  
The amount of sample effort differed between sites and between host species. Ideally, mist-
nets should be set in the most likely place to intercept target species. Except for the Whittle 
Farm site, mist-nets were not placed to intercept the exact species targeted for this research. 
Nets were set at the Whittle Farm site to trap house sparrows and yellow hammers (Emberiza 
citronella), as part of the Re-trapping Adults for Survival Survey (RAS). Although the 
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probability of trapping house sparrows and yellow hammers was increased, other species 
selected for this study were caught in low numbers or not at all (Table 6). At all Constant 
Effort Sites (CES), nets must be placed in the same place as designed. For example, at 
Rainton Meadows, blackbirds were only caught in nets placed adjacent to fruiting rowan trees 
(Sorbus aucuparia). If these trees had not been fruiting (sampling was done at another time of 
year), fewer, if any, blackbirds would have been caught at this site. In addition, Rainton 
Meadows CES site was set up to record migratory wetland birds that spend the summer in the 
region (e.g., willow warbler (Phylloscopus trochilus) and chiffchaff (P. collybita)), rather than 
blackbirds and other birds selected for this study. 
Another source of bias is that infestation parameters could co-vary with host association with 
humans. Higher host densities could mean inflated sociality and perhaps single birds copulate 
with a greater number of con-specifics when living in high density populations (increased rate 
of horizontal transmission) than birds that live in less dense populations. The birds processed 
as part of this study tend to associate with humans, or benefit from human activities, such as 
farming arable crops. However, their association with humans is probably the reason why 
these host species were selected for introduction to NZ and that is one reason why they were 
included in this study. 
One explanation for the lower probability of a host being recorded with ischnoceran lice is 
that they may manage to cling to feathers after being treated with pesticide. Although the 
louse might be dead, its mandibles might remain locked on the feather barb (Plate ). In 
contrast, a louse that is more free-living (amblyceran) on its host may drop off its host when 
euthanised. Mechanisms designed to secure the amblyceran louse onto its host may not 
suffice when the louse is dead. The morphology of mouth parts has also been used to explain 
why ischnoceran lice are found to disperse on hippoboscid flies while amblyceran lice do not 
(Keirans 1975). The difference in probability of presence between the two lice orders could 
go some way to explain the effect of their attachment mechanism to detection, rather than 
actual differences in presence. This observation would need to be tested with empirical 
research, which could be difficult to undertake. 
Lastly, it is thought that unhealthy birds tend to suffer higher louse infestations than healthy 
birds, but this does not mean that healthy birds are free of ecto-parasites. If mainly healthy 
birds are captured prevalence might not change, but intensity might. If mainly unhealthy birds 
are caught, prevalence and intensity are expected to rise. For example, one blackbird sampled 
for lice in NZ had a deformed bill, where the top closed beside the bottom mouthpart and was 
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ineffective at removing ecto-parasites from its feathers. This bird hosted at least 325 lice 
(Plate 1). Louse transmission could occur with any bird contacting this individual. Other than 
the obviously high infestation (lice were falling off the bird), its plumage was shiny black and 
its bill was a good orange colour.  
 
Plate 5. Brueelia sp. collected off a dead (washed) Passer domesticus (house sparrow) in New Zealand. Note 
the mandible locked around a feather barb/barbule. 
4.2.2 Factors that might affect introduction success 
Unfortunately, little is known about transport conditions on ships between source and release 
sites for founder populations. Birds might have been grouped by species for accounting 
purposes, and by sex to stop excess mortality caused by fighting or resource domination. In 
any case, conditions in cages would have been considerably more cramped than in nature and 
in a cage full of birds, most individuals could end up infested at similar rates. If so, the 
probability of successful establishment in NZ would be increased far beyond normal 
infestation rates. Therefore, using natural infestation parameters, founding population 
prevalences might be greatly underestimated. 
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High propagule pressure explains the successful establishment of birds introduced to NZ 
(Table 8, Veltman et al. 1996). However, as louse distributions are highly variable on their 
hosts (over-dispersed), there might be a clear relationship between the number of introduced 
hosts and the number of infested hosts. In addition, conditions within the shipboard aviaries 
while on transport to NZ are unknown, but could have reduced prevalence below normal. 
Assuming that healthy birds have fewer parasites than unhealthy birds and that there was a 
differential in host health in source populations many of the least-fit hosts may have died en-
route, leaving the fittest birds to establish in NZ and the fittest birds would have had few, if 
any, lice. Sufficient introduction effort for host establishment does not necessarily mean 
sufficient lice were introduced to establish in NZ.  
Future research should model the probabilities of louse prevalence for each distinct sub-
population of founder hosts along with rates of host population increase and geographic 
spread. Perhaps a molecular approach might identify the source and direction of founder 
expansion among host species, which then could be modelled to account for the negative 
effects of small populations on successful establishment. Louse species‟ might have been less 
likely to establish on scattered founder populations of few host individuals with a low 
intrinsic rate of population increase, or sub-populations that remained separated for a long 
time. However, lice must have been prevalent on their hosts at source location to have any 
chance of establishing in NZ.  
Data on the prevalence of lice on birds in the UK together with the number of birds that were 
introduced to NZ can be used to estimate the probability of the presence of lice on birds in the 
NZ founder population. Although Meinertzhagen‟s lice data may be preferable to use to make 
these estimates (because it was gathered at a similar time as the bird introductions took place), 
low sample sizes for most species might not allow sufficient statistical power for analyses to 
accurately predict infection rates. For example, when blackbirds and their parasites were 
grouped for analysis, no difference in prevalence was found between regions, researcher, or 
louse sub-order (Figure 19). Of the 152 blackbirds Meinertzhagen sampled for lice, only one 
was infested with M. eurysternus. It is doubtful that this reflects true population parameters 
and subsequent inferences may be erroneous. In this study, the prevalence of M. eurysternus 
on blackbirds was around 30% in both NZ an UK. 
In general, prevalences were higher in Meinertzhagen‟s data than in this current study (Figure 
17); nonetheless, if the data collected as part of this current study are used to infer 
probabilities of prevalence on blackbird founder populations introduced to NZ, 200 (26%) of 
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these 785 blackbirds would host an average of 3.5 lice each. That is an estimated founder 
population of 700 lice, plus an unidentified number of eggs. Indeed, M. eurysternus is present 
on blackbirds in NZ and perhaps that fewer lice than hosts are required to establish a 
population than hosts. For other species, including starlings, Meinertzhagen‟s data (see Figure 
7) are more substantial than this current study‟s and may therefore provide better estimates. 
Of the 701 starlings (Sturnus vulgaris) introduced in NZ, 189 (27%) hosts could have been 
infested with nearly 4,000 Brueelia nebulosa, and their eggs. Of course, these founder birds 
were not released as one population at one time or place (Veltman et al. 1996) and it is beyond 
the realms of this Master‟s research to track the fate of hosts within these subpopulations, but 
with this kind of magnitude of propagule pressure, establishment seems likely. M. eurysternus 
are found in NZ on both blackbirds and starlings and B. nebulosa are found on the latter only 
(Pilgrim & Palma 1982). In future, research into those lice that are not found in NZ could take 
a similar approach.  
4.2.2.1 Host sociality, louse vagility and evolution 
All birds processed in this study belong to the same order (Passeriformes); therefore, sociality 
traits might be more similar than distantly related birds. Host sociality and louse vagility are 
used as predictors of lice abundance on host species (MacLeod et al. 2010); neither were 
tested as part of this research, but this claim seems logical. Birds that frequently touch could 
be more likely to be infested, and likewise, lice that travel faster could be more likely to 
disperse between touching hosts. Quantifying either would be a difficult task, because the 
quantification of animal behaviours, such as host sociality, relies on observer judgement. 
Indeed, colonial roosting species, such as swifts (Apus apus) have increased opportunity for 
louse transmission at the roosting site (see Tompkins et al. 1996) than solitary species. 
However, irrespective of host sociality, the louse must travel between hosts, and it might 
disperse at any given opportunity, irrespective of host sociality.  
Lice and their hosts often evolve together. For example, for lice on birds introduced to NZ, as 
a result of isolation, host species might diverge from their source population. Lice will 
codiverge at the same time (e.g., Fahrenholz's rule; Klassen 1992; Paterson & Gray 1997; 
Paterson et al. 2003). The foremost selection pressure on lice is host preening (Clayton et al. 
1997). Lice evolve strategies to avoid capture (death) and hosts evolve strategies to capture 
lice (lessen parasitic load). Although neither runaway nor unstable, it is a classic example of 
an evolutionary arms race (see Dawkins & Krebs 1979). Increased vagility that aids in 
avoiding capture could also aid when moving between hosts. Therefore, knowledge of louse 
phylogeny may be useful when summarising and modelling louse populations.  
  59 
Phylogenetic relatedness of the host is a complication when modelling species traits and 
should be accounted for in any model (violation of independence between factors). Closely 
related species share similar traits; whereas distantly related species are less likely to share 
traits. For example, blackbirds and song thrushes belong to the Turdus genus and are of 
similar size. Starlings (Sturnus vulgaris) are of similar size to blackbirds and song thrushes, 
but are not as closely related. Therefore, correlations found in the probabilities of a host being 
infested between Turdus and Sturnus and host body-size are not likely to be due to 
phylogenetic signal. In other words, body-size between blackbirds and starlings are more 
independent of phylogeny, whereas within Turdus, similarities in body-size are not 
independent. 
Like host sociality, louse vagility is species-specific and rarely quantified. It seems that lice 
follow cues from hosts regarding when to transfer, whether from host-to-host or from host-to-
hippoboscid fly-to-host (see Plate 7). For many louse species it is thought that host-breeding 
signals lice to transfer between birds. Thus host sociality is less important for the transfer of 
lice between hosts; unless the lice of social hosts follow other cues of when to transfer. 
Transferring between hosts is a risky undertaking for lice as they quickly perish off the host. 
Dispersal could be a response to high parasite densities, where insufficient space and resource 
prompt the louse to disperse. When handling a malformed male blackbird during this study, 
the handling prior to dust-ruffling triggered a mass dispersal event where lice fell out of the 
feathers.  
Vertical transmission (from parent to offspring) alone may not be adequate to ensure sufficient 
genetic variation within the species, and could be classed as a semi-closed system (lice are 
confined to a subset of the host population). However, lice on social birds transfer between 
unrelated hosts (horizontal transmission). Therefore, the number of heterozygous genes found 
in a louse species could be a proxy measure for a rate of transmission between hosts. Lice 
with low heterozygosity either have a low transmission rate; have been through a bottleneck 
event (possibly because of their hosts going through a bottleneck); or merely exist with low 
heterozygosity. It would be informative to identify how much horizontal transmission is 
adequate to ensure sufficient genetic variation to avoid the negative effects of inbreeding 
depression. Future research could highlight correlations between host sociality and louse 
heterozygosity.  
Likewise, evolution may have played a role in louse vagility. Some species disperse further 
and faster than others. It could be that the lice that are best at dispersing live on birds that 
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seldom touch, or only have brief encounters. These intrepid lice must move quickly to surface 
from secure within the bird‟s feathers then exchange hosts and make it back to safety.  
Vagility could be related to population growth, with those species that have a relatively high 
intrinsic rate of population growth on relatively asocial hosts being the most vagile. The other 
extreme would be that lice with a low rate of population increase on social hosts do not need a 
high level of vagility, because it is easy to transfer between host individuals and louse density 
seldom reaches a level to trigger immediate dispersal. MacLeod et al. (2010) found that more 
vagile parasite species or parasites with more social hosts were less successful in establishing 
in New Zealand. They attributed successful louse establishment to large host body size (a 
substitute for host longevity), large host founder population size and parasite suborder 
(Ischnocera), irrespective of the number of and aggregation (prevalence) of introduced lice.  
4.3 Conclusions 
Explanations have been given on how variations in louse prevalence and intensities between 
locations could affect the probability of a louse species not being prevalent on hosts sourced 
for translocation to NZ, or a louse species missing the boat. The regional differences in louse 
prevalence, as found in this study, could reflect natural distributions or be driven by some bias 
in these recent data (see above). Nonetheless, interpretation of these results implies that when 
modelling the probabilities of species‟ missing the boat, species prevalence at source locations 
should be included in analyses. 
The rationale for this Masters project was to clarify if the distributions of chewing-lice 
parasites and their avian hosts could affect chance of parasite establishment on translocated 
hosts. MacLeod et al. (2010) found no significant difference between the average probability 
of a louse missing the boat if the host was sourced from either Scotland or England. Using 
different analyses and with the addition of new data, this study found the probability of 
prevalence to differ between regions and therefore, the probability of a species missing the 
boat might depend on prevalence at source host location. 
Although the Meinertzhagen data comprise of 2905 records, comparing recent infestation 
parameters with these have not detected relationships. On brief inspection, this large dataset 
contained sufficient records to make predictions and comparisons, but when single species 
were selected and grouped into regions there was not sufficient power to find relationships 
between the probabilities a host of being parasitised between regions. When summarised, the 
Meinertzhagen data consists of 417 species-location records, including 152 blackbirds spread 
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across 33 locations, of which only three locations include more than ten hosts. Brueelia 
merluensis were identified at one site, and Brueelia sp. at two sites. Meinertzhagen failed to 
collect sufficient numbers of the other four genera found on blackbirds for comparison. From 
this impressive dataset, we know a little about many host-parasite interactions (e.g., parasite x 
is found on host y), and less about specific species interactions (e.g., true prevalence and 
intensity and how they vary between regions).  
It has been assumed that host distributions are contiguous and parasites have had the 
opportunity to mix throughout the whole population. However, the probability of a host being 
parasitised (prevalence) was found to differ between regions. One way to validate these 
findings is to detect geographic and genetic structure by comparing genetic variation between 
perceived sub-populations (e.g., Hale et al. 2001). If distinct sub-populations of hosts are 
identified they could be cross-referenced with parasite prevalence. These differences could 
also be an artefact of the dataset. Nonetheless, the infestation parameters reported in this 
thesis will be useful as a baseline for future research and could prove useful prior information 
for future Bayesian analyses.  
To make more robust generalisations about louse prevalence and intensity, the next step in this 
area of research is to increase sample size for poorly sampled species, and collate louse 
infestation parameters, from published and unpublished work, and include host and parasite 
traits (such as sociality, vagility, host body size and relatedness). Similar analyses, as carried 
out within this research, could then be done for those host species that have established in NZ 
whose lice species have not. 
To determine specific host-parasite interactions lice must be identified to species, but for the 
purpose of calculating general prevalence and intensity, louse taxonomy does not have to be 
quite as specific. The analyses in this study are relatively general and field work has targeted 
common host species that were sampled in recent studies and are straight forward to process 
for lice (e.g., small body size). However, to determine why particular lice species missed the 
boat, future research should be expanded to include larger and less common hosts.  
Given the available data, it has been shown that the probability of a bird being infested with 
lice is different between regions and could be driven by populating sub-structure, climatic, or 
other latitudinal gradient. Source location of host species could therefore be a factor in the 
presence of parasites in NZ, but this may be species-specific. Louse suborder and collection 
year were significantly and negatively correlated with parasite prevalence. Mechanisms that 
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might steer these relationships have been discussed above, and would benefit from continued 
and focused sampling. Traits, such as host -weight and -sociality, parasite-vagility and 
phylogeny might go partway to explain which parasite species established in NZ, but 
definitive answers may have been lost with the long time since their introduction.  
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6 Appendices 
 
Plate 6. A louse attached to a hippoboscid fly. Collected in 2010, off a juvenile blackbird (Turdus merula) 
at Rainton Meadows, near Durham England. 
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6.1 Standard error of the mean using equations from 
Fowler et al. (1998). 
 
 
 
 
6.2 Examples of R-script used in analyses 
6.2.1 Example of script for Bayesian analyses 
library(BRugs) 
library(denstrip) 
  setwd("H:\\Masters\\MastersR\\Analysis\\Bayes\\") 
  #setwd("h:\\pgrad\\phil cochrane") 
  datx <- read.table("ALLregionsuborder.txt", sep="\t",header=T) 
  names(datx) <- c("host","location", "parasite", "nbird", 
"nbird.para", "year", "region","method","para.genus","para.suborder") 
  #names(dat) <- c("location", "host", "parasite", "nbird", 
"nbird.para", "year", "region") 
  head(datx) 
  dat<-subset(datx, datx$parasite!="None") 
  head(dat) 
 ##hostspecies location parasitesp nobirdlocation noparasite
 year region 
 
extract required variables from the dataframe 
  nbirdloc <- as.numeric(dat$nbird) 
  nparabirds <- as.numeric(dat$nbird.para) 
  hostspp <- as.numeric(dat$host) 
  paraspp <- as.numeric(dat$parasite) 
  location <- as.numeric(factor(dat$location)) 
  year <- as.numeric(factor(dat$year)) 
  region <- as.numeric(factor(dat$region)) 
  method <- as.numeric(factor(dat$method)) 
  pgenus <- as.numeric(factor(dat$para.genus)) 
  suborder <- as.numeric(factor(dat$para.suborder)) 
 
  N <- length(nbirdloc) 
  nhspp <- max(hostspp) 
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  nparaspp <- max(paraspp) 
  nregion <- max(region) 
  ngenera <- max(pgenus) 
  nsuborder <- max(suborder) 
   
bugs model 
mod <-  " model { 
  for(i in 1:N) { 
    nparabirds[i] ~ dbin(p[i], nbirdloc[i]) 
    logit(p[i]) <- min(max(alpha + b.region[region[i]] + 
b.year[year[i]] + b.method[method[i]]  
                        + b.suborder[suborder[i]], -999), 999) 
  } 
   
  b.year[1] <- 0 
  b.region[1] <- 0 
  b.method[1] <- 0 
  b.suborder[1] <- 0 
  alpha ~ dnorm(0,1000) 
  b.method[2] ~ dnorm(0,1000) 
  b.suborder[2]  ~ dnorm(0,1000) 
  for(i in 2:3){ 
  b.year[i] ~ dnorm(0,1000) 
  } 
  for(i in 2:nregion){ 
    b.region[i] ~ dnorm(0,1000) 
  } 
  }" 
   
write model 
  write(mod, "bugsmodelsuborder.txt") 
 
write data and initial values to files 
  bugsData(list(N=N,nparabirds=nparabirds, nbirdloc=nbirdloc, 
nregion=nregion,year=year, region=region, method=method, 
suborder=suborder),fileName="data.txt") 
bugsData(list(b.year=c(NA, rnorm(2)),b.method=c(NA, 
rnorm(1)),b.region=c(NA, 
rnorm(5)),alpha=rnorm(1),b.suborder=c(NA,rnorm(2))),fileName="subinits1
.txt") 
bugsData(list(b.year=c(NA, rnorm(2)),b.method=c(NA, 
rnorm(1)),b.region=c(NA, 
rnorm(5)),alpha=rnorm(1),b.suborder=c(NA,rnorm(2))),fileName="subinits2
.txt") 
bugsData(list(b.year=c(NA, rnorm(2)),b.method=c(NA, 
rnorm(1)),b.region=c(NA, 
rnorm(5)),alpha=rnorm(1),b.suborder=c(NA,rnorm(2))),fileName="subinits3
.txt") 
run model 
  modelCheck("bugsmodelsuborder.txt") 
  modelData("data.txt") 
  modelCompile(numChains=3) 
  modelInits(c("subinits2.txt", "subinits2.txt", "subinits3.txt")) 
  modelGenInits() 
  modelUpdate(7000,thin=10)  
  samplesSet(c("alpha", "b.year", "b.region", "b.method","b.suborder")) 
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  modelUpdate(20000,thin=10) 
 
model Testing 
  samplesHistory("*") 
  #out.stats <- samplesStats("*") 
  samplesDensity("*") 
  samplesAutoC("*",1) 
  samplesBgr("*") 
 
CODA package for model testing 
  samplesCoda("*", "suborder", beg = 5001, 
    end = samplesGetEnd(), firstChain = 1, 
    lastChain = 3, thin = 10) 
 
  coda20<-read.openbugs("suborder") 
  par(mfrow=c(5,2)) 
  traceplot(coda20,ask=T) 
  geweke.plot(coda20,ask=T) #check convergence 
  gelman.plot(coda20,ask=T)#This plot shows the evolution of Gelman and 
Rubin's shrink factor as the number of iterations increases. 
densityplot(coda20) 
crosscorr.plot(coda20) 
raftery.diag(coda20) # 
qqmath(coda20)# quantile-Quantile plots of a sample against a 
theoretical distribution, possibly conditioned on other variables 
niter(coda20)#number of iterations 
nvar(coda20)#number of variables 
nchain(coda20)#number of chains 
HPDinterval(coda20)#Highest Posterior Density interval 
heidel.diag(coda20, eps=0.1, pvalue=0.05) #Heidelberger and Welch's 
convergence diagnostic (1982) 
autocorr.plot(coda20,ask=T) 
 
par(mfrow=c(4,4)) 
data(coda20) 
summary(coda20) 
x<-rbind(coda20[[1]],coda20[[2]],coda20[[3]]) 
summary(x) 
dim(x) 
 
 
 
extract coefficients 
alpha<-x[,1] 
method2<-x[,2] 
region2<-x[,3] 
region3<-x[,4] 
region4<-x[,5] 
region5<-x[,6] 
region6<-x[,7] 
suborder2<-x[,8] 
year2<-x[,9] 
year3<-x[,10] 
 
define credible intervals for plotting 
a<-quantile(suborder2,c(0.025,0.5,0.975)) 
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b<-quantile(method2,c(0.025,0.5,0.975)) 
d<-quantile(region2,c(0.025,0.5,0.975)) 
e<-quantile(region3,c(0.025,0.5,0.975)) 
f<-quantile(region4,c(0.025,0.5,0.975)) 
g<-quantile(region5,c(0.025,0.5,0.975)) 
i<-quantile(region6,c(0.025,0.5,0.975)) 
j<-quantile(year2,c(0.025,0.5,0.975)) 
k<-quantile(year3,c(0.025,0.5,0.975)) 
 
plot densities (using denstrip package) 
x11() 
 
par(mar=c(5,0,2,1)) 
plot(a,xlim=c(-.3, .15), ylim=c(0,8),xlab="Parameter 
values",type="n",bty="n",main="Suborder") 
     z<-c(0,0) 
     y<-c(-0.2,8.3) 
     lines(z,y,lty=2) 
      denstrip(suborder2, at=0, ticks=a,colmax="black", colmin="white") 
      text(-0.25,0,"Ischnocera") 
      denstrip(method2, at=1, ticks=b,colmax="black", colmin="white") 
      text(-0.25,1,"Washed") 
      denstrip(region2, at=2, ticks=d,colmax="black", colmin="white") 
      text(-0.25,2,"Scotland") 
      denstrip(region3, at=3, ticks=e,colmax="black", colmin="white") 
      text(-0.25,3,"North England") 
      denstrip(region4, at=4, ticks=f,colmax="black", mwd=4, 
colmin="white") 
      text(-0.25,4,"Southwest England") 
      denstrip(region5, at=5, ticks=g,colmax="black", mwd=4, 
colmin="white") 
      text(-0.25,5,"Southeast England") 
      denstrip(region6, at=6, ticks=i,colmax="black", mwd=4, 
colmin="white") 
      text(-0.25,6,"New Zealand") 
      denstrip(year2, at=7, ticks=j,colmax="black", colmin="white") 
      text(-0.25,7,"Galloway (1999)") 
      denstrip(year3, at=8, ticks=k,colmax="black", colmin="white") 
      text(-0.25,8,"This study (2010)") 
 
6.2.2 Summarising and calculating negative binomial parameters 
for Meinertzhagen’s data (similar code used for all other 
data) 
setwd("F:\\Masters\\MastersR\\Analysis") 
All<-read.csv("UKRAW.csv",header=T) 
head(All) 
 
library(ade4) 
nrow(All) 
#All.unique <- uniquewt.df(All)   # eliminate duplicate rows     #All 
<- All[All$meinref != "15398",]      # meinref 15398 has 2 records, but 
not unique. needs checking. 
#nrow(All.unique) 
 
#All <- All.unique 
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## FOR MOMENT: Delete bung records 
#All <- All[All$meinref != "2980",]      # meinref 2980 has 3 records, 
but not quite unique. needs checking. 
#All <- All[All$meinref != "266",]      # meinref 266 has 2 records, 
but not quite unique. needs checking. 
#All <- All[All$meinref != "15370",]      # meinref 15370 has 2 
records, but not quite unique. needs checking. 
#All <- All[All$meinref != "15398",]      # meinref 15398 has 2 
records, but not unique. needs checking. 
nrow(All) 
 
a<-unique(as.character(All$hostspecies)) 
b<-1:length(a) 
c<-cbind(a,b) 
d<-length(a) 
All2<-merge(All,c,by.x="hostspecies",by.y="a") 
names(All2)[19]<-"hostspeciesID" 
 
x<-rep(NA,100)      # make empty data frame for entry of summary data 
# x=NA 
dat<-
data.frame(cbind("hostspecies"=x,"location"=x,"lat"=x,"long"=x,"mean.nh
ostsp"=x,"nbird.location"=x,"nbird.para.sp"=x,"npara.on.bird"=x,"para.s
p"=x,"mean.npara"=x,"SE.npara"=x,"K.npara"=x,"nbvar.npara"=x)) 
head(dat) 
nrow(dat) 
 
row.id <- 0 
#i=50 
#i=2 #Host species 
for(i in 1:d) 
  { 
  tmp1 <- subset(All2,All2$hostspeciesID==i) 
  species <- as.character(tmp1$hostspecies[1]) 
 
  f <- as.character(unique(tmp1$location)) 
  g <- 1:length(f) 
  m <- cbind(f,g) 
  n <- length(f) 
   
  tmp2 <- merge(tmp1,m,by.x="location",by.y="f") 
  names(tmp2)[20] <- "locationID" 
   
  mean.nhostsp <- 
length(unique(tmp1$meinref))/length(unique(tmp1$location)) # mean 
number of this hostsp caught at all locations  >> to be used as "n" in 
NegBinProb 
 
# k=1 #location  
  for(k in 1:n) 
    { 
    tmp3 <- subset(tmp2, tmp2$locationID==k) 
    location <- tmp3$location[1] 
    latitude <- tmp3$lat[1] 
    longitude <-tmp3$long[1] 
 
    #tmp4 <- subset(tmp3,tmp3$parasitenew!=0) 
    tmp4 <- tmp3 
    #tmp4$parasitenew <- as.factor(as.character(tmp4$parasitenew)) 
    #tmp5 <- length(unique(tmp4$meinref))  # number of individual birds 
of species i at location k 
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    # then add number of parasites of parasite species and divide by 
total number of indiv birds to get 'prevalence' 
      # add all "None" + parasites pecies a + birds with parasites, but 
not parasite sp a. 
      # no.none <- length(which(tmp4$parasitenew=="None")) 
      # tmp6a <- subset(tmp4,tmp4$parasitenew !="None") 
      # not.none <- nrow(tmp6a) 
 
    no.none <- length(which(tmp4$LouseSpecies=="None")) 
    tmp6 <- subset(tmp4,tmp4$LouseSpecies !="None") 
 
    ## LOOP ## to create vector of number of parasites found on each 
bird, 
    # including all the none ones, so you can calculate mean + sd etc. 
    if (no.none != tmp4$code)  
      { 
      o <- as.character(unique(tmp6$LouseSpecies))    
      p <- 1:length(o) 
       
      r <- cbind(o,p) 
      u <- length(o) 
 
      tmp7 <- merge(tmp6,r,by.x="LouseSpecies",by.y="o") 
     names(tmp7)[20] <- "LouseSpeciesID" 
# v=1 #parasite species 
      for (v in 1:u) 
        { 
        para.sp <- as.character(tmp7$parasitenew[1]) 
        tmp8 <- subset(tmp7,tmp7$parasitenewID==v) 
        tmp9 <- nrow(tmp8) # number of birds with that parasite species 
       # tmp5 # total number of birds at location 
        tmp10 <- c(tmp8$noparasites,rep(0,tmp5-tmp9)) 
        MEAN<-mean(tmp10) 
        K<-MEAN^2/(var(tmp10)-MEAN) 
        K1<-MEAN/(var(tmp10)/MEAN-1) 
        nbvar<-MEAN+(MEAN^2/K) 
        SE<-sqrt((nbvar)/length(tmp10)) 
         
        # tmp7 <- as.data.frame(table(tmp4$parasitenew)) 
        # tmp8 <- 
as.data.frame(tapply(tmp4$noparasites,tmp4$parasitenew,sum)) 
        # tmp9 <- cbind(tmp7,tmp8) 
        # names(tmp9) <- 
c("parasitesp","no.birds","sum.paras.on.birds") 
        # rownames(tmp9) <- NULL 
        # tmp9 <- subset(tmp9,tmp9$no.birds != 0) 
        # tmp9$total.birds.at.loc <- tmp5 
        } 
# hostID<-unique(subset(All,select=c(hostspecies))) 
 
        # for(w in 1:3)  # total number of rows in final column -  
                        # combinations of 
hostspecies*location*parasitespecies 
        #  { 
          #w=1 
          # aa<-subset(dat,hostID==w) 
        row.id <- row.id + 1 
 
          dat$hostspecies[row.id] <- as.character(species) 
          dat$location[row.id]    <- as.character(location) 
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          dat$lat[row.id]          <- latitude 
          dat$long[row.id]          <- longitude 
          dat$nbird.location[row.id]   <- tmp5 
          dat$nbird.para.sp[row.id]    <- tmp9 
          dat$npara.on.bird[row.id]    <- sum(tmp8$noparasites) 
          dat$para.sp[row.id]     <- as.character(para.sp) 
          dat$mean.npara[row.id]        <- MEAN 
          dat$SE.npara[row.id]          <- SE 
          dat$nbvar.npara[row.id]       <- nbvar 
          dat$K.npara[row.id]           <- K 
          dat$mean.nhostsp[row.id]      <- mean.nhostsp 
      } else  
      { 
          dat$hostspecies[row.id] <- as.character(species) 
          dat$location[row.id]    <- as.character(location) 
          dat$lat[row.id]          <- latitude 
          dat$long[row.id]          <- longitude 
          dat$nbird.location[row.id]   <- tmp5 
          dat$nbird.para.sp[row.id]    <- tmp9 #changed from tmp5 
12/02/10 
          dat$npara.on.bird[row.id]    <- 0 
          dat$para.sp[row.id]     <- "None"  
          dat$mean.npara[row.id]        <- 0 
          dat$SE.npara[row.id]          <- 0 
          dat$nbvar.npara[row.id]       <-0 
          dat$K.npara[row.id]           <-0 
          dat$mean.nhostsp[row.id]      <- mean.nhostsp 
      }       
 } 
    } 
     
##### Negative Binomial probability calculation 
dat$hostspecies<-as.factor(dat$hostspecies)  
dat$para.sp<-as.factor(dat$para.sp)  
dat$location<-as.factor(dat$location)     
# n <- dat$nbird.location #number of birds at the location 
# r <- dat$nbird.para.sp  #number of birds with that parasite species 
# r <- dat$Mean 
 
# tmp1 <- subset(dat, dat$hostspecies == "Sturnus vulgaris") 
n <- dat$mean.nhostsp                # number of events = mean number 
of that bird sp caught at all locations 
r <- 1                               # number of successes = chance 
that 1 parasite found after N number of events 
 
head(dat) 
 
NBprob<-function(n,r){ 
        a<-factorial(n-1) 
        b<-factorial(r-1) 
        c<-factorial((n-1)-(r-1))  #probability of x 
        p<-dat$nbird.para.sp/dat$nbird.location # probability of bird 
having parasite at each location  
        e<- p^r 
        f<-1-p 
        g<-n-r 
        h<-f^g 
        i<-(a/c)/b 
        j<-(1-p)^g 
        NBprob<-c(i*e*j)     #p(x=r)    #p(x=r) 
        } 
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dat$NegBin<-NBprob(n,r) 
dat$NegBin<-ifelse(dat$para.sp=="None",0,dat$NegBin) 
dat$mean.npara <- ifelse(dat$para.sp=="None",0,dat$mean.npara) 
dat$npara.on.bird <- ifelse(dat$para.sp=="None",0,dat$npara.on.bird) 
dat$SE.npara <- ifelse(dat$para.sp=="None",0,dat$SE.npara) 
dat$SE.npara <- ifelse(dat$nbird.location==1,0,dat$SE.npara) 
dat <- dat[order(dat$hostspecies),] 
 head(dat) 
#############datx<-subset(dat,dat$X,1:417) 
write.table(dat,"Summary_All_11Feb10g.txt",sep="\t") 
 
 
6.2.3 To create mean parasites per species bar charts 
setwd("F:\\Masters\\MastersR") 
library(grDevices) 
All<-read.table("Summary_All_11Feb10f.txt",header=T,sep="\t")# 
Meinertzagen 
# All<-read.table("UK10means.txt",header=T,sep="\t")# for recent UK 
setwd("F:\\Masters\\MastersR\\R_fig") #reset wd to sub directory 
 pdf(file="MeanPara.pdf",paper="a4")  # for one file with all graphs 
a<-as.character(unique(All$hostspecies)) 
b <- 1:length(a) 
c <- cbind(a,b) 
d <- length(a) 
All2<-merge(All,c,by.x="hostspecies",by.y="a") 
names(All2)[15]<-"hostspeciesID" 
#e=2 #fault finding 
  for(e in 1:d){ 
  tmp<-subset(All2,All2$hostspeciesID==e)# & (dat$para.sp==k | 
dat$para.sp=="None"))#supset host species 
 
    f<-as.character(unique(tmp$para.sp)) 
    g<-1:length(f) 
    i<-cbind(f,g) 
    j<-length(f) 
 
    All3<-merge(tmp,i,by.x="para.sp",by.y="f") 
    names(All3)[16]<-"para.spID" 
    #k=1 #fault finding 
      for(k in 1:j){ 
        #hostsp<-All3$hostspeciesID[1] #?? 
        tmp2<-subset(All3,All3$para.spID==k | All3$para.sp=="None")# 
subset to para species  AND no parasites on that Host species 
 
        dat2<-tmp2[order(tmp2$lat),] # to order x axis by latitude 
        z<-dat2$SE.npara 
        yv<-dat2$mean.npara 
        yv<-ifelse(dat2$para.sp==dat2$para.sp,dat2$mean.npara,0) 
        nn<-dat2$location 
        
        error.bars<-function(yv,z,nn)   #creat function to graph mean 
para/ sp and standard error 
        { 
 
      
     ## pdf(file=paste(gsub("([A-Z][a-z][a-z])([a-z]*) ([a-z\\-][a-z\\-
][a-z\\-])([a-z\\-]*).+","\\U\\1\\3",dat2$hostspecies, perl = TRUE), 
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     ##                 gsub("([A-Z][a-z][a-z])([a-z]*) ([a-z\\-][a-
z\\-][a-z\\-])([a-z\\-]*).+","\\U\\1\\3",dat2$para.sp, perl = TRUE), 
     ##                 ".pdf",sep="_"),paper="a4")#,width = 8.5, 
height = 11     For individual species pdf's  
        
            
       xv<-barplot(yv,ylim=c(0,60),#c(0,(max(yv)+max(z))+3), 
              ylab="Mean no. parasites/bird",xlab="",col="white", 
              
main=paste(unique(dat2$hostspecies),unique(dat2$para.sp),sep=" / 
"),font.main=3) 
              text(xv,labels=as.character(dat2$location),par("usr")[1]-
0.25,adj=1,srt=75,xpd=T,cex=0.7) 
              #text(11,-12,"Locations",xpd=T) 
              text 
(c(xv),c(yv+z)+1,labels=dat2$nbird.location,cex=0.7,xpd=T)#numbers on 
top of errorbars 
              #abline(h=3.5,lty=3) 
       
        g<-(max(xv)-min(xv))/50 
            for (i in 1:length(xv)){ 
            lines(c(xv[i],xv[i]),c(yv[i]+z[i],yv[i]-z[i])) 
            lines(c(xv[i]-g,xv[i]+g),c(yv[i]+z[i],yv[i]+z[i])) 
            lines(c(xv[i]-g,xv[i]+g),c(yv[i]-z[i],yv[i]-z[i])) 
             
             } 
             #dev.off() # Use when creating individual pdf's 
             } 
error.bars(yv,z,nn)  # call the function (creates graph) 
 
  } 
 
   } 
   dev.off()   # use when creating single pdf. 
    
#####END########    
   
   
   
# To create *.tif instead of *.pdf        
     tiff(filename =  paste(gsub("([A-Z][a-z][a-z])([a-z]*) ([a-z\\-
][a-z\\-][a-z\\-])([a-z\\-]*).+","\\U\\1\\3",dat2$hostspecies, perl = 
TRUE), 
                       gsub("([A-Z][a-z][a-z])([a-z]*) ([a-z\\-][a-z\\-
][a-z\\-])([a-z\\-]*).+","\\U\\1\\3",dat2$para.sp, perl = TRUE), 
                       ".tif",sep="_"), width = 480, height = 480, 
          units = "px", pointsize = 12, 
          compression = c("none", "rle", "lzw", "jpeg", "zip"), 
          bg = "white", res = NA, 
          restoreConsole = TRUE) 
 
6.2.4 Histograms for UK 2010 data - intensity and prevalence per 
location 
setwd("F:\\Masters\\MastersR\\Analysis") 
All<-read.table("UK2010hist.txt",header=T,sep="\t") 
All1<-read.table("UKraw.txt",header=T,sep="\t") 
names(All) 
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par(mfrow=c(1,2)) 
hist(All1$NoLice,xlab="Number of 
lice/bird",main="",col="black",breaks=10) 
hist(All$nbird.para.sp,xlab="Number of parasitised 
birds/location",main="",col="black",breaks=10) 
 
6.2.5 Example of backward selection to select the minimal 
adequate model (MAM) 
setwd("F:\\Masters\\MastersR\\Analysis") 
dat<-read.table("UKRAW1.txt",sep="\t",header=T) 
da1<-dat 
library(MASS) 
nrow(dat) 
dat1<-subset(dat,dat$LouseSpecies!="None") 
dat1<-na.omit(dat1) 
j<-glm.nb(NoLice~Weight*Suborder+Age+Sex,data=dat1) 
summary(j) 
drop1(j,test="F") 
k<-glm.nb(NoLice~Weight+Age+Suborder+Sex,data=dat1) 
summary(k) 
drop1(k,test="F") 
l<-glm.nb(NoLice~Weight+Age+Suborder,data=dat1) 
summary(l) 
drop1(l,test="F") 
m<-glm.nb(NoLice~Weight+Suborder,data=dat1) 
summary(m) 
drop1(m,test="F") 
n<-glm.nb(NoLice~Suborder,data=dat1) 
summary(n) 
plot(n) 
par(cex=0.8) 
plot(dat1$Weight,dat1$NoLice,xlab="Weight (g)",ylab="Number of 
lice/host",xlim=c(0,120),ylim=c(0,20),bty="l",cex=2, 
pch=as.numeric(dat1$Age)+14 
        ,col=as.numeric(dat1$Latin)+3) 
       par(font=3) 
       legend(0,18,unique(dat1$Latin),pch=15, 
        col=unique(as.numeric(dat1$Latin)+3),bty = "n",ncol=3,cex=1) 
       legend(0,15.5,c("Juvenile","Adult"), pch=c(16,15),col=c("light 
grey"),bty="n",cex=1,ncol=2) 
6.2.6 Model selection using Akaike Information Criterion (AIC) 
y <- aggregate(dat1$NoLice, by = list(dat1$Latin, dat1$code, 
dat1$Weight, dat1$Age, dat1$Sex), sum) 
names(y) <- c("Host", "code", "Weight", "Age", "Sex","NoLice")#swap 
Host for Latin depending on script 
datm2<-y 
model2<-glm.nb(NoLice~Host*Weight+Age+Sex,data=datm2)#[-c(19),]) record 
19 removed during model diagnostics 
stepAIC(model2) 
model.nb<-glm.nb(NoLice~Weight+Host,data=datm2[-c(19),]) 
summary.lm(model.nb) 
par(mfrow=c(2,2)) 
plot(model.nb) 
#Blackbirds only 
datBB<-subset(datm2,datm2$Host=="Turdus merula") 
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modelBB<-glm.nb(NoLice~Weight+Age+Sex,data=datBB) 
par(mfrow=c(2,2)) 
plot(model.nb) 
stepAIC(modelBB) 
modelBB1<-glm.nb(NoLice~Weight,data=datBB) 
summary(modelBB1) 
par(mfrow=c(2,2)) 
plot(modelBB) 
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6.3 Diagnostic plots for Bayesian models.  
Twenty thousand iterations were run past a 7,000 iteration burn-in period, with a thinning 
interval of ten. All three chains for all parameters show convergence and lack auto-
correlation. Trace plots of MCMC chain, Geweke convergence plots and Gelman shrinkage 
plots are given for the three Bayesian models: louse suborder, louse family, blackbird hosts 
(Turdus merula) and Brueelia nebulosa on Sturnus vulgaris hosts. 
6.3.1 Louse suborder 
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6.3.2 Louse family 
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6.3.3 Blackbirds 
 
  101 
 
  102 
 
  103 
 
  104 
 
  105 
 
  
  106 
6.3.4 Starlings 
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